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FOREWORD 


Robert T. Pappalardo 


Ron Greeley’s Introduction to Planetary Geomorphology 1s 
the single most outstanding and complete compendium of 
the science of planetary geology that exists. It 1s a fully 
complete and up-to-date synopsis of the science of planetary 
geology, written in Greeley’s characteristically succinct 
and clear style. This 1s the ideal primer for an upper under- 
graduate course, and an excellent compendium for the 
interested amateur or professional astronomer. The figures 
within are all the “right” ones — the very best for illustrating 
fundamental concepts and “type examples” of terrestrial 
and planetary processes — compiled here in one place. 

Ron Greeley passed away suddenly in the fall of 2011, 
just a month after submitting this complete book for pub- 
lication. It will remain a tribute to his life’s work, encapsu- 
lating his passions both for research and for teaching. 

Greeley was a scholar and a gentleman, and a pioneer in 
the methods of planetary geology. His Ph.D. research at the 
University of Missouri at Rolla included field work on the 
Mississippi Barrier Islands, where he studied modern liv- 
ing forms of organisms that he was researching in the fossil 
rock record. This work laid the foundation for his practical 
approach to deciphering the processes that have shaped the 
surfaces of other planets by studying their modern Earth 
analogues. In the laboratory and the field, Greeley would 
effectively visit other worlds and other times. 

Greeley’s career in planetary geology began in 1967, 
when he was called to active military service just a year 
after receiving his Ph.D. Fortunately, he was assigned 
to NASA’s Ames Research Center to work on Apollo- 
related problems. He occasionally mused about whether 
this interesting assignment came about by someone’s 


misunderstanding of his dissertation topic of “lunulitiform 
bryozoans” as somehow related to the geology of the 
Moon! 

Greeley trailblazed the burgeoning field of planetary 
geomorphology at Ames. While the Apollo missions 
explored the Moon, Greeley conducted detailed compar- 
isons of lunar sinuous rilles with terrestrial volcanic land- 
forms in Hawaii and the Snake River Plain of Idaho, 
making important contributions to understanding lunar 
processes. Then, as early 1970s Mariner 9 photos began 
to reveal Mars, Greeley used wind tunnels at Ames to 
simulate how aeolian processes might operate on the Red 
Planet. His seminal work on terrestrial and planetary 
aeolian processes is being applied anew today to explan- 
ation of dunes on Saturn’s moon Titan, which were 
recently discovered by the Cassini spacecraft. 

Greeley was involved in nearly every major spacecraft 
mission flown in the Solar System since Apollo. This 
includes the Magellan mission to Venus and the Galileo 
mission to Jupiter. He contributed to a panoply of 
missions to Mars: Mariners 6, 7, and 9, Viking, Mars 
Pathfinder, Mars Global Surveyor, the two Mars 
Exploration Rovers, and the European Space Agency’s 
(ESA’s) Mars Express. He chaired many NASA and 
National Research Council (NRC) panels, including 
NASA’s Mars Exploration Program Analysis Group, the 
Mars Reconnaissance Orbiter Science Definition Team, 
the NASA-ESA Joint Jupiter Science Definition Team, 
the NRC’s Committee on Planetary and Lunar 
Exploration, and most recently the Planetary Science 
Subcommittee of the NASA Advisory Council. 





Xi 


For those fortunate enough to have known Ron Greeley 
first-hand, through his teaching, research, committees, or 
friendship, this book will serve as a lasting tribute. For 
those learning of him, and from him, for the first time, 
welcome to this man and his work. 


Foreword 


As Greeley would say: a journey of a thousand miles 
begins with a single step. In your introduction to the 
planets and moons of our Solar System, the journey of 
4.5 billion kilometers begins with a turn of the page. An 
adventure awaits. 
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PREFACE 


Planetary geoscience had its inception with the birth of the 
Space Age in the early 1960s. In the ensuing decades, it 
has evolved into a discipline that is recognized by sections 
of professional organizations such as the Geological 
Society of America and the American Geophysical 
Union, as well as being taught at the university level. 
Much of our understanding of the geology of extra- 
terrestrial objects is derived from remote sensing data — 
primarily images that portray planetary surfaces. In fact, 
discoveries such as the dry river beds on Mars, the tectonic 
deformation of Venus, and the actively erupting volcanoes 
on Jupiter’s moon Io all came from pictures taken from 
spacecraft. Thus, the focus of this book is on the geo- 
morphology of solid-surface objects in our Solar System 
and the interpretations of the processes that led to the 
diverse landforms observed. Geomorphology, however, 
must be analyzed in the context of broader geoscience; 
consequently, in the chapters on the individual planetary 
systems, the geophysics and interior characteristics are 
reviewed along with our current understanding of surface 
compositions and the general geologic histories. Of 
course, our knowledge of the Solar System is far from 
uniform from one planet to another, dependent upon the 
numbers and types of spacecraft that have returned data. 
Thus, the chapters on the Moon and Mars are more 
detailed than those on the outermost planet systems, 





Uranus and Neptune, because dozens of successful space- 
craft have visited our nearest planetary neighbors, in con- 
trast to the limited data returned from “flybys” of the 
Voyager spacecraft to the planets beyond Saturn. 

Our journey to explore the geomorphology of the Solar 
System begins with introductory chapters that introduce 
the planets and other objects of planetary geoscience 
interest, discuss the methods used in studying extraterres- 
trial objects, and review the fundamental geomorphic 
processes on Earth that can be compared with what we 
see on other planets and satellites. 

Key references are given in the text and listed at the 
back of the book. The end of this book includes 
additional reading for those who wish to delve into the 
chapter topic in more detail. Because images form the 
basis of much of planetary geomorphology, figure cap- 
tions generally include the basic NASA or other space 
agency data for the frames shown, to enable the use of 
various electronic search engines for obtaining additional 
information. 

I hope that you find the exploration of the Solar System 
a rewarding experience. While many planets and satellites 
show landforms that are quite familiar to geologists, 
others hold surprises that have not yet been explained or 
understood. Have fun, and maybe you can solve some of 
these mysteries! 
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CHAPTER 1 


Introduction 


The early part of the twenty-first century saw the comple- 
tion of the reconnaissance of the Solar System by space- 
craft. With the launch of the New Horizons spacecraft to 
Pluto 1n early 2006 and its expected arrival in 2015, space- 
craft will have been sent to every planet, major moon, and 
representative asteroid and comet in our Solar System. 
With the return of data taken by spacecraft of these objects, 
the study of planetary surfaces passed mostly from the 
astronomer to the geologist and led to the establishment 
of the field of planetary geology.’ The term geology is 
used in the broadest sense to include the study of the solid 
parts of planetary objects and includes aspects of geophys- 
ics, geochemistry, and cartography. Much of our knowl- 
edge of the geologic evolution of planetary surfaces 1s 
derived from remote sensing, in situ surface measurements, 
geophysical data, and the analysis of landforms, or their 
geomorphology, the primary subject of this book. 

In this chapter, an overview of Solar System objects 1s 
given, the objectives of Solar System exploration are out- 
lined, and the strategy for exploration by spacecraft 1s 
discussed. In the following chapters, the approach used 
in understanding the geomorphology of planets is pre- 
sented, including the types and attributes of various data 
sets. The principal geologic processes operating on plan- 
ets are then introduced, and the geology and geomorphol- 
ogy of each planetary system is described in subsequent 
chapters. The book ends with a discussion of future mis- 
sions and trends in Solar System exploration. 


1.1 Solar System overview 


Our Solar System consists of a fascinating array of 
objects, including the Sun, planets and their satellites, 


' Terms when first used are in bold and defined. These terms are given in 
the index, where the page number in bold indicates where the term is 
defined. 


comets and asteroids, and tiny bits of dust. Most of the 
mass of the Solar System is found within the Sun, a rather 





ordinary star that generates energy through nuclear fusion 
with the conversion of hydrogen to helium. Coupled with 
astrophysical models, analyses of meteorites suggest that 
the Solar System began to form at about 4.6 Ga (Ga 1s the 
abbreviation for giga or 10” annum, or years). 

Planets are relatively large objects that are in orbit 
around the Sun. As we learned at a very young age, the 
planets are Mercury, Venus, Earth, Mars, Jupiter, Saturn, 
Uranus, and Neptune. And then there 1s Pluto! The year 
2006 saw an interesting controversy emerge when the 
International Astronomical Union (the scientific group 
responsible for formal naming of objects in the heavens) 
declared that Pluto was no longer a “planet” and demoted 
it to a new class of objects called “dwarf planets.” This 
issue will be discussed later. 

All of the planets originally formed through the accre- 
tion of dust and smaller objects, making protoplanets. As 
the protoplanets grew in size, still more dust and accreted 
materials were swept up, a process that continues even 
today. For example, it 1s estimated that more than 10,000 
tons of materials are added to Earth each day. Although 
this addition is impressive, it 1s insignificant 1n compar- 
ison with the orders-of-magnitude larger rates of accretion 
in the early stages of planetary formation. In the first 0.5 
Ga, so much material was amassed that the heat generated 
by impacts probably melted the planets completely, lead- 
ing to their differentiation, in which the heavier elements, 








such as iron, sank to their interiors to form planetary cores 
while the lighter elements floated toward the surface. 


1.1.1 The terrestrial planets 


Mercury, Venus, Earth, and Mars are called the terrestrial 
planets because they share similar attributes to Earth 
(which in Latin is terra). As shown in Fig. 1.1, these 
planets are small in comparison with the other planets 


Mercury 


Jupiter 


Neptune 


Uranus 





and are found closest to the Sun, leading to their alter- 
native description as the inner planets. They are com- 
posed primarily of rocky material and have solid surfaces. 
In planetary geology, Earth’s Moon is typically included 
with the terrestrial planets because of its large size and 
similar characteristics. 

As the terrestrial planets began to cool and form crusts, 
elements combined and crystallized into rocks and min- 
erals. For the most part, these elements are silicon, oxy- 





gen, iron, magnesium, sodium, calcium, potasstum, and 
aluminum in various combinations that collectively make 
up the silicate minerals. The most important silicate 
minerals fall into two groups. Light-colored silicate min- 
erals are common in continental rocks on Earth and 
include quartz, orthoclase feldspar, plagioclase feldspar, 
and muscovite mica. Dark-colored silicate minerals are 
common on Earth’s sea floor and are rich in iron and 
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Figure 1.1. A family portrait of the 
planets imaged by spacecraft. The 
inner planets (Mercury, Venus, Earth 
and Moon, and Mars) are shown to 
scale with each other and are enlarged 
relative to the giant planets (Jupiter, 
Saturn, Uranus, and Neptune), which 
are shown to scale with each other. 
Earth is somewhat smaller than the 
Giant Red Spot (indicated by the 
arrow) of Jupiter (NASA PIA01341). 


Saturn 


magnesium; they include olivine, pyroxene, hornblende, 
and biotite mica. Silicate minerals are the basic building 
blocks of most rocks in the crusts of Earth and the Moon, 
and they are thought to make up most of the rocks on 
Mercury, Venus, and Mars. 

Venus, Earth, and Mars all have significant atmospheres 
composed of gasses that are gravitationally bound to the 
planets (Table 1.1). Mercury and the Moon are too small 
to retain anything but the most tenuous atmospheres, 
measurable only by very sensitive instruments. Although 
some gasses were accumulated by all of the terrestrial 
protoplanets during their initial formation, these primary 
atmospheres were lost to space. Secondary atmo- 
spheres were later released as gasses escaped from the 
interior and interacted with the surface. Earth’s atmo- 
sphere may be termed a tertiary atmosphere because it 
has been greatly modified by biologic processes. 
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1.1. Solar System overview 


Table 1.1. Basic data for planets 
Orbit semi- 
major axis Escape 
Revolution Diameter Rotation Mass Density velocity 
Name (10°km) (AU)? period (yr) (km) (days) (10°*kg) (g/cm?) (km/s) Surface Atmosphere 
Mercury 57.9 0.39 0.24 4,879 58.65 0.33 5.4 4.3 Silicates Trace Na 
Venus 108 0.72 0.62 12,104 243.0 (R*) 487 5.2 10 Basalt, 90 bar: 97% 
granite? COz 
Earth 150 1.00 1.00 12,756 1.00 5.97 5.5 11 Basalt, 1 bar: 78% 
granite, N>, 21% Oo 
water 
Mars 228 1.52 1.88 6,794 1.03 0.64 3.9 5.0 Basalt, clays, 0.07 bar:95% 
ice CO> 
Jupiter 778 5.20 11.86 142,984 0.41 1,899 1.3 60 None H>, He, CH,, 
NHs3, etc. 
Saturn 1427 9.54 29.46 120,536 0.44 569 0.7 35 None H>, He, CHa, 
NH3, etc. 
Uranus 2871 19.19 84.02 51,118 0.72 (R°) 86.8 es 21 None (?) H>, He, CHa, 
NH3, etc. 
Neptune 4498 30.07 164.79 49,528 0.67 102 1.8 24 None (?) H>, He, CHa, 
NH3, etc. 
Pluto 5906 39.48 247.9 2,302 6.39 (R) 0.013 2 1.3 CHz,, ice Trace CH, 


21 AU (astronomical unit) = Earth—-Sun distance, or ~149.6 x 10° km. 
©R = retrograde. 





Figure 1.2. The heavily cratered surface of the Moon, shown in 
this view obtained by the Apollo 13 astronauts, represents the 
final stages of planetary accretion in the first 0.5 Ga of the Solar 
System. The dark, smooth area is Mare Moscoviense on the lunar 
far side (NASA 70—H-700). 





The presence of large impact craters on the terrestrial 
planets (Fig. 1.2) shows that their crusts had cooled and 
solidified in the first 0.5 Ga of Solar System history before 
all of the miscellaneous debris had been swept up. 


1.1.2 The giant planets 





Jupiter, Saturn, Uranus, and Neptune are referred to as 
giant planets. Relative to the terrestrial planets, these 
planets are enormous and contain most of the mass in 


the Solar System outside the Sun. Jupiter and Saturn are 
composed mostly of hydrogen and helium, while Uranus 
and Neptune are composed mostly of water, ices, and 
other volatile materials. Collectively, the giant planets 
and Pluto are called the outer planets, referring to their 
location in the Solar System. 

The early history of the giant planets is similar to that of 
the terrestrial planets. The giant planets also formed by the 
accretion of smaller bodies, with each forming a nucleus 
large enough to capture the lighter elements that had 
escaped from the inner Solar System to the outer frigid 
parts of the Solar System. As this process continued, the 
giant planets grew to their large sizes, with heavier ele- 
ments sinking to their interior. Most models of the giant 





planets suggest that each contains a rock-like core, some 
of which are larger than Mars. 

Each of the giant planets resembles the Sun in compo- 
sition, but not even the largest, Jupiter, was destined to 
grow to a size sufficient to initiate nuclear fusion. 
However, giant planets do resemble the Sun in one impor- 
tant way — each grew and evolved to have a family of 
smaller bodies in orbit about them so that each resembles 
the Solar System in miniature. 

Although the giant planets have no “geology” because 
they lack solid surfaces, their satellites are of great interest 
for planetary geomorphology (Table 1.2). Collectively, 


Table 1.2. Basic data for selected satellites 
Satellite Period 
Planet name Discovery (days) 
Earth Moon ~ 27:52 
Mars Phobos Hall (1877) 0.32 
Deimos Hall (1877) 1.26 
Jupiter lo Galileo (1610) e757, 
Europa Galileo (1610) 3.55 
Ganymede _ Galileo (1610) 7.15 
Callisto Galileo (1610) 16.69 
Saturn Mimas Herschel (1789) 0.94 
Enceladus Herschel (1789) 1.37 
Tethys Cassini (1684) 1.89 
Dione Cassini (1684) 2.74 
Rhea Cassini (1672) 4.52 
Titan Huygens (1655) 15.95 
Hyperion —_ Bond, Lassell (1848) 21.3 
lapetus Cassini (1671) 79.3 
Phoebe Pickering (1898) 550 (R°*) 
Uranus Miranda Kuiper (1948) 1.41 
Ariel Lassell (1851) 2.52 
Umbriel Lassell (1851) 4.14 
Titania Herschel (1787) 8.71 
Oberon Herschel (1787) 13.5 
Neptune — Triton Lassell (1846) 5.88 (R°) 
Pluto Charon Christy (1978) 6.39 
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Diameter Mass Density 
(km) (107° kg) (g/cm?) Surface material 
3,476 735 Spe. Silicates 
Di leone oP) Carbonaceous 
13 2x10 1.7 Carbonaceous 
3,660 893 3.6 Sulfur, SO, 
3,130 480 3.0 Ice 
5,268 1,482 les Dirty ice 
4,806 1,076 1.8 Dirty ice 
396 0.376 1.2 Ice 
504 0.74 1.10 Pure ice 
1,048 6.2/7 1.0 Ice 
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these moons represent a myriad of objects of different 
sizes, compositions, and geologic histories. They are clas- 
sified as regular satellites (orbiting in the same direction 
as the parent planet’s spin direction) or irregular satel- 
lites (orbiting in the opposite direction) that are probably 
captured objects. Jupiter’s moons Ganymede and Callisto 
are about the size of the planet Mercury. At least three 
moons, Jupiter’s satellite Io, Saturn’s Enceladus, and 
Neptune’s Triton, are currently volcanically active — in 
fact, Io is the most geologically active object in the Solar 
System (Fig. 1.3). Other outer planet satellites appear to 
have remained relatively unaltered since their initial for- 
mation. Many of the geologic processes that operate on 
terrestrial planets are also seen on outer planet satellites; 
however, because of their different compositions (mostly 
ices, plus some silicates) and extremely cold environ- 
ments, the outer planet satellites also display features 
representing processes unique to the outer Solar System. 


1.1.3 Small bodies, Pluto, and “dwarf planets” 


Asteroids, comets, and the smaller moons of the outer 
planets are often called small bodies, even though the 


largest asteroids are hundreds of kilometers in diameter. 
Comets consist of primordial material left over from the 
early stages of Solar System formation. Most comets are 
found in the Oort cloud and the Kuiper belt, both beyond 
the orbit of Pluto. The Oort cloud forms a spherical zone 
some 3 x 10'* km from the Sun and is the apparent source 
of long-period comets (those that take more than 200 
years to complete an orbit around the Sun), while the 
Kuiper belt is a disk-shaped region extending from 
Neptune’s orbit to ~8 x 10” km from the Sun and is the 
source for short-period comets (those that orbit the Sun in 
less than 200 years). Just to make things a little more 
complex, objects that are in orbit in this belt are referred 
to as Kuiper belt objects, or KBOs. Some of the outer 
planet satellites, such as Neptune’s Triton, could have 
been captured from the Kuiper belt. 

Often described as “dirty snowballs,” comets are com- 
posed of dust grains and carbonaceous (carbon-rich) 
materials embedded in a matrix of water-ice (Fig. 1.4). 
Study of cometary material collected from Comet Wild 2 
by NASA’s Stardust mission (Brownlee et al., 2006) and 
returned to Earth suggests that at least some comets are 
composed of grains that were heated in the inner Solar 
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Figure 1.3. One of the moons of Jupiter, lo, is the most 
volcanically active object in the Solar System. This image was 
taken by the New Horizons spacecraft in 2007 during its flyby of 
the Jupiter system on the way to Pluto. The huge umbrella- 
shaped plume at the top of the image is pyroclastic material 
rising 290 km from the active volcano Tvashtar. Also visible (left 
side) is a smaller (60 km high) plume erupted from the volcano, 
Prometheus (NASA PIA09248). 


System, were driven outward from the Sun, and then 
coalesced to form some comets. This led to the reference 
to some comets as “icy dirt balls,” a concept that was 





supported in 2005 when the Deep Impact spacecraft 
launched a roughly half-ton metal ball into Tempel 1, a 
comet measuring 7.6 km by 4.9 km. The impact explosion 
released a plume of icy dust, suggesting the properties of 
freshly fallen, fluffy snow with dust. Images taken by 
Deep Impact and those taken by the NASA NEXT space- 
craft in 2011 after the impact show that Tempel 1’s surface 
has smooth terrains and areas that have been eroded. 
Most asteroids are found in the zone between the orbits 
of Mars and Jupiter, known as the main asteroid belt. 
However, asteroids are also found in orbits of larger 
planets and are called Trojan asteroids, while those in 
orbits that come close to the Earth are called near-Earth 
objects, or NEOs. Asteroids can be further classified in 
terms of their spectral properties and comparisons with 
meteorites, many of which were derived from asteroids. 
Historically, asteroids were thought to be either remnants 
of a former planet that broke apart or objects that never 
accreted to form a planet early in Solar System history. As 
with many ideas in planetary science, this was an over- 
simplification. It 1s now fairly clear that some asteroids 














1.1 Solar System overview 


Figure 1.4. This view of the 5km in diameter Comet Wild 2 was 
taken by the Stardust spacecraft in January 2004 (NASA Stardust 
Project). 





(and the corresponding meteorites) represent fragments of 
a larger body that had been differentiated. Thus, “metal- 
lic” objects are thought to represent the core of a planet, 
while those having signatures of the mineral olivine 
would represent a planetary mantle, and “stony” objects 
would represent the crust. Other asteroids have the signa- 
tures of carbon-rich materials and are considered to rep- 
resent “unprocessed,” or primitive, planetary material. In 
this regard, many planetologists suggest that some of 
these types of asteroids are actually the rocky material 
left over from comets that have lost most or all of their 
volatile materials. 

Numerous missions have flown past, orbited, and even 
landed on asteroids, with one mission returning samples to 
Earth. The first images of asteroids up-close were taken in 





5 





Figure 1.5. The first close-up view of an asteroid was obtained 
by the Galileo spacecraft in October 1991, shown in this view of 
asteroid Gaspra, which is of dimensions 19 km by 12 km by 11 km. 
Gaspra’s irregular shape suggests that it might be a piece of a 
larger object that fragmented from one or more collisions. More 
than 600 impact craters ranging in size from 100 to 500m are 
visible on Gaspra’s surface (NASA JPL P-40449). 


1991 and 1993 by NASA’s Galileo spacecraft in the main 
asteroid belt (Fig. 1.5) and included the discovery that 
asteroids could even have their own small moons. In 2003, 
Japan launched the Hayabusa spacecraft, which rendez- 
voused with the NEO Itokawa (Fig. 1.6) in 2005; the 
spacecraft touched down on the asteroid and collected 
samples that were returned to Earth in 2010 for analyses. 

Pluto was discovered telescopically in 1930 and for 76 
years was Classified as a planet. But it does not fit neatly 
into either the terrestrial planet or the giant planet classi- 
fication; it is relatively small and has an orbit that is 
substantially inclined to the general ecliptic plane and at 
times is inside the orbit of Neptune. In the past few 
decades, many more large objects have been discovered 
in orbit around the Sun, including Eris, which 1s slightly 
larger than Pluto. It is estimated that, as a minimum, some 
several dozen large objects reside within the zone of 
Pluto’s orbit, and many hundreds could well be found in 
the Kuiper belt. These factors led the International 
Astronomical Union to “demote” Pluto as a main planet 
in 2006 and to define a new category, the so-called “dwarf 
planets,” currently consisting of Pluto, Ceres (formerly 
classified as an asteroid), Haumea, Makemake, and Eris, 
some of which have one or more moons. None of 
these objects has been visited by spacecraft, but the 
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Figure 1.6. An image of the asteroid Itokawa, taken by the JAXA 
Hayabusa spacecraft, which touched down on the surface, 
collected samples, and returned them to Earth in the fall of 2010. 
This asteroid measures 535 m by 294m by 209 m and appears to 
be a “rubble-pile” of boulders, the biggest of which is about 
50m across. More than 1,500 small grains were collected, and 
initial analyses show the presence of silicate minerals, such as 
olivine. 


Dawn spacecraft will visit Ceres in 2014, and the New 
Horizons spacecraft is slated to fly past Pluto in 2015. 


1.2 Objectives of Solar System exploration 


October 1957 saw the launch of the Soviet orbiter Sputnik 
around Earth and the beginning of the “Space Age.” 
About the size of a basketball, Sputnik did little more 
than send a “beep—beep” radio signal, but it was the 
starting gun for the space race. The United States 
responded with President Kennedy’s decision to send 
men to the Moon before the end of the 1960s and the 
formation of the National Aeronautics and Space 
Administration, or NASA, in October 1958. Although 
the decision was motivated by politics and military con- 
siderations (an orbiting spacecraft has the ability to deliver 
warheads to any place on Earth), the National Academy of 
Sciences was asked to define the scientific goals for Solar 
System exploration. After careful consideration by a 
group of distinguished scientists, the principal goals 
were defined as determining: (1) the origin and evolution 
of the Solar System, (2) the origin and evolution of life, 
and (3) the processes that shape humankind’s terrestrial 
environment. Although these goals have evolved over the 
years, the basic concepts remain the foundation for Solar 





System exploration. 


1.2.1 Planetary geology objectives 


Geologic sciences figure prominently in the goals for 
Solar System exploration. Basic geologic questions 
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include the following. (a) What is the present state of the 
planet? (b) What was the past state of the planet? (c) How 
do the present and past states compare with those of other 
objects in the Solar System? 

The question dealing with the present state seeks to 
determine the composition, distribution, and ages of 
rocks on the surface, identify active geologic processes, 





and characterize the interior. 

Determining the past state of a planet, including Earth, is 
a fundamental aspect of geology and involves determining 
its geologic history. For example, is the present state repre- 
sentative of previous conditions on the planet, or has there 
been a change or evolution in the surface or interior? 
Answering these questions is typically accomplished 
through geologic mapping, coupled with the derivation of 
a stratigraphic framework and geologic time scale. 

Comparative planetology addresses the third aspect in 
the geologic study of planets. Once the present and past 
states have been assessed, the results are then compared 
among all of the planets to determine their differences and 





similarities. This comparision enables a more complete 
understanding of geologic processes 1n general and of the 
evolution of all solid-surface objects in the Solar System. 


1.2.2 Astrobiology 


Are we alone? That fundamental question has been posed 
in various forms throughout humankind’s history and 
constitutes one of the key motivations in the exploration 
of space. The term astrobiology was coined to encompass 
all aspects of the search for present and past life, including 
research on the conditions for the origin of life and study 
of the environments conducive for biological processes. 
The NASA Astrobiology Institute (NAI), which was 
formed in 1998 and is headquartered at the NASA-Ames 
Research Center in California, consists of an international 
consortium of universities and institutions conducting a 
wide variety of research projects in astrobiology. The NAI 
organizes annual spring meetings to review the latest 
results in astrobiology (http://nai.nasa.gov); these meet- 
ings are well attended and open to the public. 

The Viking mission to Mars in the mid 1970s was the 
first project to search for life beyond Earth. Experiments 
for the two Viking landers (Fig. 1.7) were developed to 
search specifically for life-forms and to assess possible 








biological processes. The results from these experiments 
were negative, and the general search for life was out of 
vogue for some 20 years. However, during this period, 
careful considerations were given as to how astrobiology 
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questions should be addressed. For example, when tar- 
geting specific planetary objects for astrobiology explo- 
ration, at least three factors should be considered: the 
presence of water (preferably in the liquid state), a source 
of sufficient energy to support biological processes, and 
the availability of organic chemistry and other elements 
essential for life processes (primarily carbon, nitrogen, 
hydrogen, oxygen, phosphorus, and sulfur). With current 
data, the search narrows to Mars, Jupiter’s moon Europa, 
and possibly Saturn’s moons Enceladus and Titan. If the 
search is expanded to include potential past environ- 
ments, objects such as Jupiter’s moon Ganymede might 
be included. 

In 1996 a meteorite (designated ALH84001) found in 
Antarctica was thought to have been ejected from Mars 








and was suggested to show evidence for biology. 
Although much of this evidence has been rejected, interest 
in astrobiology increased substantially, especially as 
related to the exploration of Mars. The current search 
strategy focuses on identifying the present and past envi- 





ronments conducive for biology and is a “win—win” 
approach. Obviously, if life or the signs of life (e.g., 
fossils) are found, the result would be truly profound 
(Fig. 1.8). However, a negative result is equally intrigu- 
ing; if present or past environments are found that are 
amenable for life, but life is not found, then one must 
ask why not, and what is it about Earth that would make 
our planet unique for life if indeed we are truly “alone?” 

As the field of astrobiology has moved forward, life has 
been found to be much more pervasive on Earth than had 
previously been suspected. In recent years life-forms have 
been found in extreme conditions of temperature, pres- 
sure, pH, and other environmental parameters, showing 
that biology can occur in a much greater range of settings 
than previously suspected, thus widening the search for 
life throughout the Solar System. 


1.3 Strategy for Solar System exploration 


Determining the present and past states of planets and 
comparative planetology requires observations and meas- 
urements from orbit, placement of instruments on plane- 
tary surfaces, and the return of samples to Earth. Thus, the 
general exploration of the Solar System by spacecraft 
follows a strategy involving a series of missions of 
increasing capabilities. However, even before spacecraft 
are launched, Earth-based telescopic observations are 
made to determine the fundamental characteristics of 
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planetary objects, such as their size and density, and the 
presence or absence of atmospheres. 

The first exploratory missions are usually “flybys,” in 
which spacecraft zoom past planetary objects and, over a 
period of only hours or a few days, collect data. Although 
limited, these data provide the first glimpses of the object 
up-close and are far better than those obtained from Earth- 
based telescopes. For example, in 1979 and the 1980s the 
spectacular Voyager I and 2 spacecraft (Fig. 1.9) revealed 
the complexities of the moons of Jupiter, Saturn, Uranus, 
and Neptune during brief flybys of those planetary 
systems. 

Next in exploration comes the use of orbiting space- 
craft. Remaining in orbit for days, months, or even years, 
orbiters provide the opportunity for more complete map- 
ping and observations of potential seasonal changes. 


engine (3) 
(18-nozzle configuration) 


lander, shown in this 
diagram with its 


Magnets principal components. 


Spacecraft in polar or near-polar orbits can obtain remote 
sensing data for the entire planet, enabling assessments of 
the surface complexity, collection of geophysical data, 
and measurements of topography. Thus, one of the pri- 
mary advantages of orbiters is the collection of global 
data. 

Once a planet has been surveyed from orbit, the mis- 
sions that follow can include landed spacecraft. Landers 
enable “ground-truthing” of the remote sensing data 
obtained from orbit. Such data include in situ measure- 
ments of surface chemistry and mineralogy, determina- 
tions of the physical properties of the surface enviroment, 
and geophysical measurements, including seismometry. 
Landed missions are significantly enhanced by surface 
mobility as afforded by robotic systems, such as the 
Mars Exploration Rovers (Fig. 1.10). The advantage of 
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Figure 1.8. What are the signs of life that might be sought in the 
search for present or past life beyond Earth? From our “Earth 
bias,” we might think that we know what fossils look like. But 
even on Earth, some cases are not so clear: (a) living 
cyanobacteria (courtesy of Jennifer Glass, Arizona State 
University), (b) synthetic non-biological filaments containing 
silica and the mineral witherite (from Garcia-Ruiz, J. M., Hyde, 
S.T., Carnerup, A. M. et al. (2003), Self-assembled silica— 
carbonate structures and detection of ancient microfossils, 
Science, 302, 1,194—1,197. Reprinted with permission from the 
AAAS), and (c) an image of martian meteorite ALH84001 
(courtesy of NASA Astrobiology Institute). 


1.4 Flight projects 











landers and rovers is the ability to obtain data directly 
from planetary surfaces and near-surface materials, as 
from drill cores, which was first done robotically by the 
Soviets on the Moon. The disadvantage is the relatively 
limited number of sites that can be visited; can you imag- 
ine characterizing the complex geology of the Earth from 
only a handful of stations on the surface? 

Samples returned from planetary objects represent the 
next stage in exploration. These enable sophisticated lab- 
oratory analyses of compositions, measurements of phys- 
ical properties, and searches for signs of past or present 
life. Although significant advances in instruments that can 
be applied on robotic missions have been made in recent 
years, none can approach the accuracy and precision 
afforded by full laboratory facilities on Earth. 
Particularly critical for geology are the ages of rocks 
determined on returned samples using techniques based 
on the decay of radioactive materials (see Section 2.4). 
While some measurements can be made from robotic 
spacecraft, the complexities of obtaining and properly 
handling samples in order to make the measurements 
have not been solved satisfactorily for determining ages. 

The ultimate in planetary science is human exploration. 
Humans have the ability to analyze and synthesize data 
quickly, make decisions on the spot, and respond to the 
results. No machine can match these attributes. But, of 
course, sending humans into space is both risky and 
costly. Currently, it is far more cost-effective to send 
robotic spacecraft throughout the Solar System. 
However, the time will come when humans will be 
required for the ultimate step in exploration. 

Figure 1.11 shows the “score-board” for the different 
stages of Solar System exploration. Nearby objects, such 
as our Moon, have been explored extensively, while 
most of the outer Solar System has been viewed only 
by flyby missions. Despite this uneven coverage, we are 
now well poised to address many of the fundamental 
aspects of the origin and evolution of the major planetary 
objects. 


1.4 Flight projects 





Getting a NASA spacecraft “off the ground” is a long 
process that involves many constituencies, including 
NASA, Congress (which appropriates the money), the 
aerospace industry (which builds much of the hardware), 
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Figure 1.9. The Voyager project involved two spacecraft that explored the outer Solar System in 1979 and into the 1980s 
with flybys of Jupiter and Saturn (Voyagers 7 and 2) and Uranus and Neptune (Voyager 2), providing the first clear images of their 
major moons. 


Figure 1.10. The Mars Exploration 
Rovers, Spirit and Opportunity, 
landed in early 2004. Shown here is 
Spirit before launch, compared with 
the flight-spare of the Mars 
Pathfinder rover on the right (NASA 
PIA04421). 
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Figure 1.11. Status of Solar System exploration by spacecraft important for planetary geomorphology. 


the science community, and the public. NASA is an inde- 
pendent federal agency, meaning that there is no 
“Department of Space” and its Administrator is appointed 
by the President. Direct science input is through NASA 
committees, with members appointed from universities, 
NASA centers, and other research organizations. The 
National Academy of Sciences (through its working 
organization, the National Research Council, or NRC) 
provides science guidance. This is accomplished by 
means of formal reports prepared by scientists from 
the planetary community that recommend missions and 
research activities covering a ten-year period, known 
informally as decadal surveys (NRC, 2011). Individuals 
influence Solar System exploration by making their opin- 
ions known through communication with NASA, 
Congress, and the Administration. Coordinated input 
is often conducted through organizations such as The 
Planetary Society  (http://www.planetary.org/home/), 
the National Space Society (http://www.nss.org/), and 
the Mars Society (http://www.marssociety.org/). 

In principle, the various constituencies work together to 
derive the specific goals for a mission, the means to 


achieve those goals (e.g., the kind of spacecraft), and the 
budget to make it all happen. In practice, the process is 
often more haphazard, yet most of the constituencies are 
still involved to varying degrees. The time from initial 
mission concept to the return of data is usually years, or 
even decades. 

Once a project has been approved, the mission 1s 
assigned to a NASA research center or run through the 
Jet Propulsion Laboratory (JPL) in California or the 
Applied Physics Laboratory (APL) in Maryland, both 
of which are NASA contract research centers. Flight pro- 
jects go through various phases from design and develop- 
ment through mission operations. Early in the process, 
a Science Definition Team (SDT) is appointed from 
the scientific community, which has the responsibility 
for determining the specific objectives for the mission. 
After this has been completed, an Announcement of 
Opportunity is released by NASA, enabling proposals to 
be submitted for building the spacecraft and providing the 
science payload or instruments. Individuals and organiza- 
tions can then compete for selection, which is made 
through peer-reviews of the proposals. 


NASA missions can be categorized as (1) strategic 
missions, (2) Principal Investigator (PI)-led missions, 
and (3) supporting missions. Strategic missions include 
the Mars Science Laboratory and the Cassini spacecraft in 
orbit around Saturn. Such missions cost multiple billions 





of dollars and might be flown once or twice per decade. 
PI-led missions are proposed, designed, and executed by a 
planetary scientist, who assembles the science team, 
industry partners, and a planetary research center, such 
as the JPL or APL. PI-led missions of interest for geo- 
science are found in the Discovery Program (such as the 
MESSENGER mission to Mercury) and the New Frontiers 
Program (such as the New Horizons Pluto mission). 
Specific missions within these programs are “cost- 
capped,” with New Frontiers being at the upper level of 
$1 billion. 

Supporting missions are designed to collect data to 
enable follow-on missions. While science is not usually 
the primary motivation, such data are often used for sci- 
entific research, and the missions typically have a cadre of 
scientists involved. For example, the Lunar Reconnais- 
sance Orbiter has the primary goal of obtaining data 
necessary for the eventual return of humans to the 
Moon, but these data are of high value for science as well. 

For strategic and supporting missions, scientists can 
propose to be the PI for an instrument or suite of instru- 
ments as part of the payload. The selected PI forms the 
science team, designs the instrument, has it built, and 
implements the experiments through operation of the 
instrument and collection of the data. In some cases, 





facility instruments are provided directly by NASA and 
scientists can propose to be a member or team leader of 
that instrument science team; the team is then responsible 
for carrying out the investigation. 

The European Space Agency (ESA) also flys planetary 
missions, but operates differently from NASA. The ESA 
is composed of 17 member nations and 1s headquartered in 
Paris, with its primary operations center in the 
Netherlands. Once a mission has been selected for flight, 
the ESA develops and builds the spacecraft and 1s respon- 
sible for its operation. The scientific payload, however, is 
competed for among the member nations through their 
science communities; if selected, that nation is responsible 
for funding and delivering the instrument or suite of 
instruments to the ESA. 

Operation of an active flight project is exciting and 
complicated! After launch, the mission goes through 
cruise (the journey from Earth to its destination), nominal 
operations (at the target for the duration approved in the 
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budget), and, if all goes well, an extended mission (a 
specific period of time following the nominal mission 
and budgeted separately). During cruise, the instruments 
are typically turned on briefly for calibration and check- 
out before arrival at the target; otherwise they are either in 
a dormant state or turned off. During planetary operations, 
the data needed to meet the objectives of the mission are 
obtained and returned to Earth through the Deep Space 
Network (DSN), which consists of large antennas located 
at Goldstone (southern California), Madrid (Spain), and 
Canberra (Australia). This distribution enables complete 
coverage of spacecraft, regardless of the time of day or the 
position of the spacecraft in the Solar System. 

Science operation of a spacecraft involves fundamen- 
tally two aspects: sending commands to the spacecraft 
(called uplink) and receiving the data from the spacecraft 
(called downlink), both through the DSN. Putting the 
plan together for the uplink involves integrating the 
desires of all the instrument teams to fit the power, on- 
board computer processing, and other resources of the 





spacecraft. As one might imagine, there are often compet- 
ing wishes for these resources among the scientists, and 
compromises almost always are required for the final plan. 
After each instrument has sent its commands, data are 
downlinked and, again, there is often competition for 
downlink resources. Modern instruments generally can 
take far more data than can be returned, and decisions 
must be made to satisfy the overall mission objectives. 


1.5 Planetary data 


As soon as a successful mission goes into operation, the 
science flight team plans the acquisition of data (such as 
targeting areas to be imaged), collects the data, and ini- 
tiates their analysis. Some of these data are posted on the 
website for that particular mission (go to the general 
NASA website http://www.nasa.gov/, or the ESA website 
http://www.esa.int/, and look for the specific mission by 
name). These data are for general public interest and often 
have not been calibrated or verified for accuracy. It is 
considered “bad form” for the science community to pub- 
lish results from such data before they are officially 
released for scientific analysis. Such release is done on a 





project schedule after validation by the science team, 
posted in the Planetary Data System (PDS, http://pds.jpl. 
nasa.gov/), and publicly announced. Because of the pace 
of mission operations, the volume of data from modern 
missions, the complexity of the data, and the possibility of 
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errors 1n the data stream, releases typically occur no earlier 
than about six months from their acquisition. Once 
released, the NASA data are available to everyone. 

Following (or during) a mission or set of missions, 
NASA will organize a Scientific Data Analysis Program. 
These programs provide funds to support the analysis of 
data by the community through open competition and peer 
review. Such programs are usually of a limited duration, 
such as three years. In addition, each scientific discipline, 
such as the Planetary Geology and Geophysics Program at 
NASA, has funds for basic research, including geologic 
mapping, laboratory studies, and integrated data analysis. 
These, too, are open through competition and peer review. 
The NASA Research Opportunities (ROSES; http:// 
nspires.nasaprs.com/external/) posts the procedures and 
schedules for proposing for these and other opportunities 
from NASA. 


1.6 Planetary research results 


Knowledge of the Solar System is expanding rapidly and 
is enabled primarily by data returned from spacecraft 
missions. Even for planetary scientists, it is often difficult 
to keep up with the advances in exploration. Typically, the 
first results from flight projects are announced through 





press releases from NASA or the space agency responsi- 
ble for the mission. While the releases are generally pre- 
pared by the project science team, many of the ideas 
presented are not very mature. The next stage is the oral 
presentation of results at scientific meetings. By this time, 
the results and the ideas have been more widely discussed 
within the science teams and have been somewhat refined. 
Although abstracts (short summaries of the content) of the 
presentations are published for the meeting, the abstracts 
are usually submitted months before the actual meeting; 
with active flight projects, the abstracts that are submitted 
are often simply placeholders and might not have much 








real content, unlike the oral presentation itself. 

Key scientific meetings for planetary science are the 
Lunar and Planetary Science Conference (LPSC), held 
every March in Houston, the American Geophysical Union 
(AGU) meeting held each fall in San Francisco, the Division 
of Planetary Science (DPS) meeting of the American 
Astronomical Society held each fall, the European 
Geosciences Union (EGU) meeting and the Europlanet 
meeting held in Europe, the Geological Society of America 
(GSA) fall meeting, and the Meteoritical Society meeting 
held each fall. These meetings all publish abstracts of the 
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presentations, which are usually available on-line from the 
sponsoring scientific organizations. The AGU, GSA, and 
EGU meetings are very large and include a wide variety of 
subjects in addition to planetary science. 

Most large scientific meetings are attended by profes- 
sional science writers who are very skilled in extracting 
new and exciting results. Their articles are then published 
in venues such as Science News, Space News, and The 
Planetary Report. 

Traditionally, the first papers from flight projects are 
published in Science or Nature, often as special sections or 
editions of the journal. These papers are “peer reviewed,” 





meaning that scientists not involved with the project but 
who are knowledgeable of the field have reviewed and 
evaluated the results. 





The first full papers from planetary missions are typi- 
cally published a year or two after data acquisition. By this 
time, the ideas have matured and the manuscripts have 
been rigorously peer-reviewed. Key journals include 








Icarus, the Journal of Geophysical Research — Planets 
(an AGU publication), and Planetary and Space Science. 

Additional sources of planetary information are speci- 
alized topical meetings. These range in size from small 
workshops involving a dozen or so people to international 
conferences attended by hundreds of participants. Topics 
can range from the latest results from a large flight project 
to highly specialized research topics. In most cases, 
abstracts of papers are available at the meeting and full 
peer-reviewed papers are published in journals or as a 
special conference book. 

Planetary science series of books published by organ- 








izations such as the University of Arizona Press and 
Cambridge University Press contain collections of review 
papers, with most individual volumes focusing on specific 
planetary objects. These books typically follow interna- 
tional meetings that are organized to synthesize new, as 
well as mature, results from spacecraft missions and gen- 
eral investigations. 

While this outline has focused on results from new 
planetary flight projects, the venues listed are also where 
results from active planetary research projects can be 
found. As noted throughout the text, various key websites 
are identified for sources of information. These and related 





websites relevant for planetary exploration and data are 
listed in Appendix 1.1 at the end of this book, and can 
also serve as “spring boards” for additional websites. An 
example is the Java Mission-planning and Analysis for 
Remote Sensing (JMARS) website (http://jmars.asu.edu) 
for a geospatial information system (GIS) that enables 
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rapid searches and provides analytical tools for planetary 
data. For example, a user can construct maps that combine 
images, topographic information, and multispectral data 
for areas and scales of the user’s choice. Currently, 
JMARS principally covers Mars and 1s being adapted for 
the Moon and Earth. Public downloads are readily acces- 
sible through the website. In addition, NASA maintains a 
network of Regional Planetary Image Facilities that have 
sets of images available for viewing and staff who can 


Assignments 


1. Briefly explain how the analysis of geologic features 
on planetary surfaces is relevant to the search for life 
beyond Earth. 


2. Go to the website for Science News and summarize a 
scientific result from a currently operating spacecraft 
that is relevant to planetary geology. 


3. Compare and contrast the types of planetary data 
returned from an orbiting spacecraft and a landed 
spacecraft. 





4. Go to the websites for planetary missions currently 
being conducted by spacefaring nations and agencies, 
such as the ESA, and identify one spacecraft each for 





Introduction 


Figure 1.12. The surface areas of the 
rocky planets, the Moon, and the 
larger outer planet satellites as a 
function of Earth’s land surface area 
(Earth = 1); note that the surface area 
of Mars is just about equal to the 
surface of Earth not covered by 
water, while the surface area of 
Venus is nearly 3.5 times that of 
Earth’s land surface. 
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answer specific questions; Appendix 1.2 lists these facili- 
ties and their locations. 

In summary, the exploration of the Solar System affords 
a great opportunity to study geology and geomorphology in 
a wide variety of settings and over time scales from the 
earliest formation of planetary crusts to geologically active 
planets. As shown in Fig. 1.12, there is an enormous 
potential for such studies when considering the total surface 
areas of planets and satellites amenable for geology. 


an inner planet, a gas giant planet, and a small body 
(such as an asteroid). List the launch dates, dates of 
operations at the “target” planetary body, and one or 
two key results relevant to planetary geology for each 
of the three spacecraft identified. 


5. Examine the tables for the primary characteristics of 


the planets and satellites. Give one example of how the 
environment for a terrestrial planet of your choice 





would influence the geology in comparison with an 
icy satellite of your choice. 


6. Go to the website for Space News and summarize one 


budget issue for the current year that has an impact on 
planetary exploration. 
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CHAPTER 2 


Planetary geomorphology methods 


2.1 Introduction 


For many years, the study of the geomorphology of the 
Earth was primarily descriptive. In the middle of the 
twentieth century, the emphasis shifted to a more process- 
oriented approach, with the goal of understanding the 
reasons behind a landform’s appearance. The analysis of 
planetary surfaces has gone through a similar history. 
When the first close-up images of the Moon and planets 
were obtained, their surfaces were described, and some 
attempts were made to interpret their origin and evolution. 
Unfortunately, some of these attempts were rather imma- 
ture. Planetary scientists with a geology background drew 
on their experiences with Earth, taking a simplified “‘ana- 








log” approach; 1.e., 1f it looks like a volcanic crater, it must 
be of volcanic origin. Scaling the sizes of features and 
considerations of planetary environments took a back seat 
to the simple “look alike” answer. 

As the Apollo program drew to a close in the early 1970s 
and the exploration of the full Solar System emerged, plan- 
etary geomorphology became more process-oriented, with 
attempts to take differences in planetary environments into 
account, while maintaining fundamental geologic principles. 

In this chapter, the following question will be addressed: 
how can one study the geology ofa planet or satellite without 
actually going there? This will include the approaches used 
in planetary geomorphology and the types of data that are 
commonly available for the study of planetary surfaces. 





2.2 Approach 


The general approach in planetary geomorphology involves 
three elements: (a) analysis of spacecraft data, (b) laboratory 
and computer simulations of key geologic processes in 
different planetary environments, and (c) the study of ter- 
restrial analogs. Each element has its advantages and 


disadvantages but collectively provides a powerful means 
to decipher present and past planetary surface histories. 

The starting point is the analysis of planetary data, 
typically in the form of images. From these studies, the 
overall terrains and varieties of landforms are identified 
and characterized. Various hypotheses are proposed to 
explain the possible formation and evolution of the land- 
forms observed. With further study and new data, the 
number of hypotheses can be reduced, or new ideas 
emerge. The history of the study of craters on the Moon 
is a good case to review. Beginning with telescopic views, 
the origin of lunar craters was debated for centuries, lead- 
ing to the time of the Space Age. Even with the return of 
data from spacecraft sent to the Moon in preparation for 
the Apollo program, there were two primary competing 
ideas for craters, impact versus volcanic origins. Images 
of lunar craters showed features that were used to support 
both ideas. While the characteristics of volcanic craters on 
Earth were fairly well understood, little thought had been 
given to extrapolation of volcanic processes to the low- 
gravity, airless environment of the Moon. In the early days 
of the Space Age, impact cratering as a process was little 
appreciated in the geologic context, and there was no 
understanding of the physics of the process. At about the 
same time as robotic missions were returning new, close- 
up data for the Moon, experiments to study the physics of 
impact events were initiated. Although similar work had 
been conducted for decades by the military to understand 
how projectiles could penetrate armor, much of this work 
was Classified; moreover, the work was more applicable to 
man-made targets than to natural, rocky material. It is 
interesting to note that in the late 1880s the American 
geologist G. K. Gilbert dropped small cannon balls into 
mud targets (Fig. 2.1) to see what might happen. Gilbert 
was very interested in the origin of lunar craters, and 
proposed that the Imbrium feature on the Moon was the 
result of an impact, as discussed in Chapter 4. 
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Building on the work of Gilbert, Don Gault at NASA- 
Ames Research Center constructed in the early 1960s a 
facility for conducting sophisticated impact experiments 
using a hydrogen gas-gun (Fig. 2.2). This gun can fire 
projectiles at velocities as high as 7.5 km/s into a target 
contained in a vacuum chamber to simulate the Moon. In 
some experiments, the target 1s placed on a platform that 
can be dropped at the time of the impact to simulate 
reduced gravity conditions (much like the “weightless” 
feeling when an elevator descends rapidly). Results from 
this facility enabled the fundamental physics of impacts to 
be derived and provided critical insight into the geologic 
aspects of impact cratering (Fig. 2.3). 

At about the same time as impact experiments were 
being conducted, Gene Shoemaker of the US Geological 
Survey (USGS) was synthesizing results of his field stud- 
ies of Meteor Crater in Arizona (Fig. 2.4), which included 
assessments of rock structure and deformation, including 
the presence of overturned stratigraphy in the crater rim, 
which was so well seen in the Gault experiments 
(Fig. 2.3). Subsequently, field sampling at Meteor Crater 
led to the discovery of coesite and stishovite, the high- 
pressure forms of quartz that are formed by impact pro- 
cesses. Concurrently, other geologists were scouring 
remote sensing data to identify possible impact structures 
on Earth (Fig. 2.5), followed by field investigations. 

The mid 1960s also saw investigations of nuclear 
explosion craters at the Nevada test site and their study 
by Hank Moore of the USGS for comparisons with 
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Figure 2.1. Geologist G. K. Gilbert 
performed experiments in the late 
1880s to simulate impact processes, 
shown in this photograph of small 
cannon balls that were dropped into a 
target of stiff mud (courtesy of the US 
Geological Survey). 





Figure 2.2. The Vertical Gun at NASA-Ames Research Center 
consists of an “A” frame mounted with a gun barrel that uses 
compressed gasses to launch small projectiles at velocities as high as 
7.5km/s into a vacuum chamber tank to simulate impact cratering 
processes. The “A” frame can be rotated so that the gun can fire 
projectiles at different impact angles from near-horizontal (seen 
here) to vertical. 





Figure 2.3. Cross-section of a target produced in the Ames Vertical 
Gun Range (Fig. 2.2). The target consisted of layers of loose sand grains 
dyed different colors mixed with epoxy resin. After the “shot,” the 
target was baked to fuse the grains and epoxy resin, and then sawn 
into a cross-section. Shown here is the inverted stratigraphy in the 
crater rim (the “overturned flap” of ejecta), which is characteristic of 
impact craters. The crater is about 0.4m across. 





Figure 2.5. A radar image (C-band) taken on NASA's Shuttle Radar 
Topography Mission of the Manicouagan crater, Quebec, Canada; 
this impact structure of diameter 100 km formed about 214 million 
years ago. Erosion (mostly by glaciation) has removed about 1 km 
of rock from its original surface, exposing the deep structure, 
including the “root” of the central uplift, which is now surrounded 
by Manicouagan reservoir, seen here in dark gray (NASA 
PIA03385). 


features seen on the Moon. Computer codes were also 
being developed for large explosions, which would be 
applied later to planetary impact processes. 

Through this combination of laboratory experiments, 
analysis of remote sensing data, and field studies, a gen- 
eral model of impact processes emerged that could be 
applied successfully to the interpretation of planetary 
data. The study of impact craters set the stage for the 
approach used in investigations of other geomorphic pro- 
cesses, such as aeolian activity and volcanism. 


2.3 Planetary geologic maps 








Figure 2.4. An aerial view of Meteor Crater in northern Arizona, the 
best-preserved impact structure on Earth. This crater 1.2 km in 
diameter was formed by a 30 m iron meteoroid some 50,000 years 
ago (courtesy of Mike Malin). 


2.3 Planetary geologic maps 





Geologic maps represent a fundamental tool for charac- 
terizing the geology and geomorphology of an area and 
deciphering its history. The British planetary geologist 
John Guest once said “a geological map is (to a geolo- 
gist) like a graph to a physicist; it allows an understand- 
ing of many observations in a comprehensive form that 
would be otherwise difficult.” The basic elements of a 
geologic map show the distribution of three-dimensional 
rock units (Fig. 2.6), the configuration of the rock units 
exposed on the surface of the area mapped, structural 
features, such as faults, and the ages of the rocks and 
structural features. As 1s true for all maps, geologic maps 
include a scale, orientation (e.g., a north arrow), a legend 
explaining the symbols on the map, and the location 
of the map area (typically indicated by geographic 
coordinates). 

The formation is the basic rock unit in mapping. 
Formations consist of material of similar rocks, all formed 
at the same time, in the same place, and by the same 
process. For example, a lava flow resulting from a single 
eruption in Hawaii could be treated as a formation that 
would be different from a lava flow erupted from Mount 
Etna in Sicily at the same time, even though both might be 
of the same type of rock. 

Some formations can be subdivided into members. For 
example, during a given eruption sequence, a lava flow 
might be covered by ash from an explosion; the lava 
flow and the ash could be called members of the same 
formation. Two or more formations that share common 
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attributes in a given area are sometimes combined into a 
group. For example, a series of lava eruptions and ash 
flows mapped as formations and members on a volcano 
could be defined as a stratigraphic group. 

Formations can be more complicated than the simple 
case of the lava flow. Imagine a lake basin that receives 
run-off and sediments from the surrounding mountains. 
As the streams empty into the lake, there is a decrease in 
the speed of the water flow and, hence, a decrease in their 
ability to carry sediments. Coarser materials, such as 
boulders, would be deposited close to the shore, with 
progressively smaller rocks and sediments being depos- 
ited outward from the shore. Over time, the sediments 1n 
this sequence continue to accumulate and can eventually 
be lithified (turned into rock). If one were to see only the 
part formed close to shore, the rock would be a conglom- 
erate (a rock composed of large, rounded rock fragments); 
farther from shore, the rock would be sandstone (rock 
composed of sand-size particles); still farther from the 
shore, the rock would be shale (rock composed of very 
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Figure 2.6. Geologic maps 
(top) show three-dimensional 
rock units (bottom cross- 
section), such as limestone, 
sandstone, and intrusive 
rocks, and structural features 
such as faults. The relative 
ages of the units and 
structural features are 
commonly indicated in a 
stratigraphic column 
organized from youngest 
(top of column) to oldest 
(bottom of column). 


a 
a ee ee eee 
ee ee ee eee 


fine grains, such as clay). Thus, three different rocks are 
found, and each could be treated as a different formation; 
however, the boundaries between these different rocks 
would be gradational (smaller-size materials away from 





shore) and would represent the local environment of for- 
mation (1.e., progressively less energy to carry the sedi- 
ments away from the shoreline). In cases such as this, the 
conglomerate, sandstone, and shale would be called facies 
(parts) of the same basic formation. 

Structural attributes of rock units are indicated by var- 
ious map symbols to show faults, folds, and the “attitude” 
of the rock units. Attitude refers to orientation, such as 
horizontal, vertical, or tilted. 





Geologic maps also indicate the ages of the rock units 
and the timing of deformation. These relations are por- 
trayed as a stratigraphic column, in which the oldest 
materials are at the bottom of the sequence and the young- 
est are at the top. In geology, time is usually indicated 
from the bottom to the top, to reflect the principle of 
superposition. This principle states that in any sequence 
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of undisturbed rocks those on the bottom must be the 
oldest because they had to be present before the subse- 
quent rocks could be put on them. 

Geologic mapping on Earth began in the eighteenth 
century. In the ensuing years, stratigraphic columns 
reflecting local sequences of rocks have been defined for 
most regions of our planet and have been correlated 
(connected) into regional and global associations. From 
this synthesis, a generalized geologic time scale that 
divides the history of the Earth into formal eras, periods, 
and epochs was defined. Early versions of the geologic 
time scale indicated only the relative ages of rocks, and it 
was not until dating methods based primarily on radio- 
active decay were developed that absolute ages could be 
assigned, as will be discussed below. 

As for the Earth, planetary geologic maps are critical for 
understanding surface histories and for providing a frame- 
work for other observations. This understanding was rec- 
ognized very early in Solar System exploration, and the 
first planetary geologic maps were compiled by the US 
Geological Survey (USGS) for the Moon by Robert 
Hackman and Gene Shoemaker, from telescopic observa- 
tions (Fig. 2.7). Their techniques were later codified and 
standardized for planetary mapping by Don Wilhelms and 
Ken Tanaka, also of the USGS. 

Geologic maps of Earth are commonly assembled from a 
combination of remote sensing data and field work, all 
combined on standard maps, which usually include topog- 
raphy. The identification of formations and other rock units 
on planets is based primarily on remote sensing data using 
photogeological techniques that are commonly employed 
for Earth. Images enable obvious features, such as lava 
flows, to be identified, while the general appearance of 
terrains 1s used to infer different rock units. Compositional 
mapping on the basis of infrared and other data is also used 
to distinguish units, when such data are available. Further 
insight 1s provided by quantitative studies of albedo 
(a measure of the reflectivity of the surface) and surface 
textures at the sub-meter scale derived from radar signa- 
tures. Unfortunately, a full suite of remote sensing data is 
seldom available for planetary surfaces. 

After the rock units and structures have been identified 
and their distributions mapped, the next step is to place 
them in a chronological sequence. In addition to super- 
position, embayment and cross-cutting relations are 
used to determine the relative ages among units. For 
example, embayment refers to the “flooding” aspect of 
some units, as seen on the Moon (Fig. 2.8), in which the 
“flooding” unit is the younger. For the application of 
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Figure 2.7. Part of the geologic map of the Kepler region on the 
Moon, published in Geotimes in 1962. This was one of the early 
prototype maps to show that geologic maps could be produced for 
planetary surfaces (reprinted with permission from Geotimes 
magazine, a publication of the American Geological Institute). 


cross-cutting relations, a rock unit, fault, or other structure 
that cuts across another must be the younger, as shown in 
Fig. 2.9. 

Planetary geologic mapping is hampered by a lack of 
field observations except for those at the local Apollo sites 
and a handful of “ground-truth” sites gained from robotic 
landers. Consequently, planetary geologic maps are for- 
matted a little differently in comparison with those for 
Earth. On planetary maps the rock unit descriptions are 
divided into two parts, observations and interpretations. 
The observation part describes the characteristics of the 
unit in objective terms on the basis of the available data, 
while the interpretation part explains the possible origin 
and evolution of the unit according to the opinion of the 
author. In principle, the observation part should remain 
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Figure 2.8. View of the Taurus-—Littrow region of the Moon, showing 
flooding by dark mare lavas into the more heavily cratered highlands 
on the right. The arrow points to a lava-“embayed” crater. The paucity 
of craters in the mare (left side) indicates the relative youth of the lava in 
comparison with the highlands. The star indicates the location of the 
Apollo 17 landing site. The darker part of the mare surface marks the 
presence of dark mantle deposits of volcanic origin (NASA AS17-0939). 


valid (at least until new data are available), but the inter- 
pretation part could change or be different, depending on 
the analyst. 

The first planetary geologic maps by Hackman and 
Shoemaker set the stage for a series of mapping programs 
that extended to Mars, Mercury, Venus, and outer planet 
satellites and that continues today through the USGS. In 
these programs, each planet is divided into map quadran- 
gles of systematic scales, which serve as cartographic 
bases for geologic mapping. 


2.4 Geologic time 





Geologic time can be considered from two perspectives, 
absolute time and relative time. In absolute time, rocks 
and geologic events, such as faulting, are determined as 
being of a specific age expressed in years. In relative geo- 
logic time, rocks and events are simply stated as being older 
or younger than other rocks or events, without expressing 
their age differences in years. Determining the absolute 
ages of rocks 1s accomplished primarily by using radiogenic 
“clocks” that are based on the principle that certain unstable 
radioactive elements (1.e., isotopes) contained in some 


Figure 2.9. A view of Rima Ariadaeus, taken by the Apollo 10 
astronauts. This linear rille, formed by faulting, is about 2 km wide 
and cuts across older terrain (NASA AS10-4646). 


rocks decay or convert to more stable isotopes at a known 
rate. If we know this rate and can measure the amounts of 
unstable and stable isotopes in a sample, it is possible to 
determine the age of the rock. Of course, radioactive 1so- 
topes of the right type must be available for measurement in 
the rock sample and, unfortunately, not all samples contain 
these isotopes. Consequently, only some rocks can be 
dated. Typically, radiogenic dating provides the age of a 
rock in years from its formation. 

How 1s geologic time assessed on other planets and satel- 
lites? Practical limitations require that rock samples be ana- 
lyzed in laboratories on Earth to determine radiometric ages 
because automated dating systems for robotic spacecraft 
have not yet been developed. Consequently, planetary abso- 
lute dates have been obtained only for rock samples from the 
Moon and for meteorites, some of which are from Mars. 

Because no direct samples are available from other 
planets, only relative ages can be assigned with confi- 
dence. The principles of superposition, embayment, and 
cross-cutting relations are routinely applied to planet and 
satellite surfaces for this purpose. 

An additional method for establishing the relative ages 
of planetary surfaces is based on the size—frequency dis- 
tribution of impact craters. Old surfaces have been 
exposed to the impact environment for longer than have 
younger surfaces and statistically should contain more 
impact craters (Fig. 2.8). By counting the number of 
craters superposed on planetary surfaces, their age relative 
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Figure 2.10. Number of craters larger than 4 km per unit surface area 
versus the age in gigayears (Ga), calibrated against absolute dates 
obtained from lunar samples. This curve enables extrapolation of 
ages to surfaces lacking samples on the basis of crater counts (from 
Spudis, 1996, after Heiken et a/., 1991; reprinted with permission 
from Smithsonian Institution Press). 
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to other surfaces can be determined. This concept was 
developed for the Moon and was verified when rock 
samples were returned to Earth for analysis and radiogenic 
dating (Fig. 2.10). Research by NASA planetologist Don 
Gault showed that, with time, cratered surfaces reach a 
stage, called equilibrium, in which craters of a given size 
are obliterated by impact erosion at the same rate as they 
are formed, as shown in Figs. 2.11 and 2.12. Thus, only 
surfaces that have not yet reached equilibrium for the 
crater sizes being considered can be dated (Fig. 2.13). 

In practice, difficulties can arise in using crater statistics 
for age determinations. For example, non-impact craters, 
such as those formed by volcanic processes, might be 
indistinguishable from impact craters, and, if non-1mpact 
craters were present, the surface would appear anoma- 
lously old. In addition, secondary craters are formed by 
the impact of rocks ejected from primary impact craters. 
Their presence adds to the total crater population and must 
be taken into account by various models that predict how 
many secondary craters would form as a function of the 
primary crater size. Unfortunately, such models are 1mper- 
fect, and it is difficult to determine the presence and 





Figure 2.11. Photographs showing a NASA experiment (called Mare Exemp/um) to simulate the evolution of a cratered surface. In this experiment, a 
box 3.2 m by 3.2 m was filled with loose sand, smoothed (upper left), and then impacted with bullets of different sizes (ranging from birdshot to high- 
powered rifle). Placement of each shot followed a grid system and a random-number generator; the ratio of differently sized impacts was based on 
the size-frequency distribution of craters seen on lunar mare surfaces. The end of the series is in the lower right. The series illustrates how crater 
counts can be used to date surfaces; surfaces in the top photographs represent younger surfaces in comparison with those in subsequent 
photographs. Note, however, that in the last row of photographs the crater size frequencies are essentially the same, representing cratering 
equilibrium, in which craters are being destroyed at the same rate as that of crater formation; thus, it is not possible to date surfaces within the last 


row of photographs (courtesy of Don Gault). 
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Figure 2.12. An experiment similar to that shown in Fig. 2.11 to 
illustrate stages in crater modification by impact degradation. The 
arrows in the first and last images point to a crater that is subjected 
to small impacts, which gradually wear down the crater rim and fill in 
the crater floor until it is nearly “erased” from the surface (NASA- 
Ames photograph AAA481-8, courtesy Don Gault). 


number of secondary craters. Other considerations include 
target properties that could cause variations 1n crater sizes. 
For example, experiments show that craters formed in 
targets containing fluids are larger than craters formed 
in dry targets. This difference could cause the size— 
frequency distribution for the volatile-containing target 
to be interpreted as representing an older surface. 

Despite these difficulties and uncertainties, impact crater 
statistics are commonly used as a means for obtaining rela- 
tive ages for different planetary surfaces. Ages derived from 
crater counts have been compared with (and calibrated 
against) radiometric dates obtained from lunar samples and 
demonstrate the validity of the technique, at least on the 
Moon, where surface-modifying processes are minimal. 
This result suggests that crater counts can be used to obtain 
dates for surfaces on other “airless” bodies, such as Mercury. 
Great caution must be exercised, however, in using crater 
counts on planets where differences in erosion might occur 
as a function of location, or where significant differences in 
target properties may alter the crater morphology. 

In principle, crater counts can also be used to derive 
absolute ages for planetary surfaces, as discussed by 
Michael and Neukum (2010). This has been done with 
some confidence on the Moon where cratered surfaces 
have been sampled and radiometric ages determined 
(Neukum et al., 2001); extrapolation of the calibrated crater 
curve (Fig. 2.10) to surfaces that have not been sampled 
enables estimates of their ages. The same can be done for 
surfaces on other planets by extrapolation of the calibrated 
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Figure 2.13. A diagram of idealized crater size—frequency 
distributions (number of craters per unit area versus crater diameter) 
for three surfaces; surface 1 is the oldest, reflected by its having the 
greatest number of craters and craters of largest sizes. The steep 
parts of all three curves represent crater production, while the less 
steep parts represent crater equilibrium. Relative age-dates can be 
determined either by the “break point” between production and 
equilibrium (in which progressively older surfaces have their break 
point at larger crater size), or by the position of the production curve, 
which shifts to the right with increasing age. 


lunar crater counts. This requires, however, that correct 
adjustments can be made for gravity (which influences the 
sizes of craters), impact flux as a function of location 1n the 
Solar System (proximity to the asteroid belt, as with Mars, 
which experiences a higher impact rate than that on the 
Moon), and the potential for degradation in the presence of 
an atmosphere, as on Venus. These and other factors result 
in complex algorithms for extrapolation, and potentially 
large error bars on the results, depending on the assump- 
tions and uncertainties in the age calculations. 


2.5 Remote sensing data 





Most of our knowledge of the geomorphology of Solar 
System objects is derived from remote sensing, defined as 
the collection of information without coming into physical 
contact with the object of study. This 1s accomplished by 
designing instruments that can be carried on some “plat- 
form” to collect useful information. Typically, platforms 
on Earth include airplanes and spacecraft, but can also 
include balloons, helicopters, or robots operating on the 
surface. To the extent possible, similar platforms are used 
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Figure 2.14. The electromagnetic (EM) spectrum, showing 
important wavelengths used in remote sensing. Radar systems are 
subdivided and given letter designations that were arbitrarily 
assigned (see Table 2.1). 


in Solar System exploration, with most information com- 
ing from spacecraft located well above the surface. 
Remote sensing instruments make use of electromag- 
netic (EM) radiation (Fig. 2.14), which is generated 
whenever there is a change in the size or direction of an 
electrical or magnetic field. For example, electrons shift- 
ing from one orbit to another orbit around an atomic 
nucleus results in X-rays and visible (light) radiation, 
while fluctuations in the electrical/magnetic field generate 
microwaves and radio waves of the sort used in radar 
systems. Remote sensing instruments are designed to 
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detect specific parts of the EM spectrum. The energy 
detected depends on the interaction of the energy with 
the surface being analyzed, generating spectra that are 
distinctive for various properties of the surface. For exam- 
ple, sunlight shining on a planetary surface can be 
reflected, absorbed, and/or transmitted, depending on the 
EM wavelength, the temperature, and characteristics of 
the surface materials, such as composition and grain size. 

Remote sensing systems are classified as either passive 
or active. Passive system use natural radiation, such as 
sunlight, whereas active systems illuminate the surface 
with an artificial energy source. For example, radar 1mag- 
ing systems beam energy toward a surface, some of which 
is reflected and then recorded by a radar sensor. Active 
systems also include non-imaging systems, such as laser 
and radar altimeters, which measure the distance from the 





instrument to the surface. 


2.5.1 Visible imaging data 


Nearly every spacecraft sent in the exploration of the Solar 
System has carried a camera or imaging system as part of 
its scientific payload. Currently, most imaging systems 
use charge-coupled devices (CCDs) as the detector, 
rather than film. However, in planetary geomorphology, 
images from previous missions are still useful, and it is 
important to be familiar with the imaging systems used in 
these missions, as described in Appendix 2.1. 

CCDs were invented in 1969 by Bell Laboratories and 
are used in a variety of solid-state imaging devices. Today, 
modern digital cameras all use CCD technology, including 
simple cell-phone cameras and sophisticated video systems. 
A CCD “chip” consists of a layer of metallic electrodes and 
a layer of silicon crystals, separated by an insulating layer of 
silicon dioxide. When used as an imaging system, the CCD 
chip is structured as an array of picture elements, or pixels. 
Light focused onto the chip by a lens causes a pattern of 
electrical charges to be created. The charge on each pixel is 
proportional to the amount of light received and provides an 
accurate representation of the scene. Each charge can be 
transmitted separately and then reconstructed using conven- 
tional image-processing techniques. 

CCD imaging systems can be either line arrays or two- 
dimensional arrays. In line arrays, a single line of CCDs 
sweeps across the scene as the spacecraft (or aircraft) 
moves over the terrain, building up the image. Two- 
dimensional arrays consist of a chip with CCDs on an 
X—Y coordinate system and are used as framing cameras in 
which the CCDs record the scene as a “snapshot.” 
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In simple systems, images are produced in a single 
wavelength range as a “black and white” (and shades of 
gray) picture. The wavelength range can be either narrow 
(as in the near-infrared) or “broadband” to produce a 
panchromatic picture. Color images are produced by 
obtaining data for more than one wavelength over the 
same scene. For example, three frames could be exposed, 
one each through red, blue, and green filters. Each filter is 
sensitive to a given wavelength and the data correspond- 
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For example, such a detector flown on an aircraft over terrain 
at night can pick up the heat generated by vehicle engines or 





even body heat from individuals. In the mid 1960s, some 
thermal detectors were declassified for civilian use, leading 
to remote sensing systems for use on Earth and in planetary 
exploration. The Thermal Emission Spectrometer (TES), 
developed by Phil Christensen of Arizona State University 
and flown on the Mars Global Surveyor spacecraft, revolu- 
tionized our understanding of the surface of Mars. The 





ing to that wavelength are recorded. The three frames are 
then combined to produce a color image. 


2.5.2 Multispectral data 


Mapping surface compositions using remote sensing tech- 
niques is critical in planetary science. The crystal structure 
of minerals behaves in characteristic ways when exposed 
to EM energy. In the visible—near-infrared (Fig. 2.14), or 
VNIR, crystals absorb energy, resulting in absorption 
bands that are diagnostic for specific minerals or groups 
of minerals. To take advantage of this phenomenon, mul- 
tispectral spectrometers are designed to measure the 
reflected energy as a function of wavelength using filters 
and detectors that are responsive to the absorption bands 
of interest. Generally, the narrower the band widths cover- 
ing the VNIR spectrum, the more precise the analysis. For 
example, the Near-Infrared Mapping Spectrometer 
(NIMS) which flew on the Galileo mission to Jupiter 
could develop a 408-wavelength spectrum for each pixel 
over the range from 0.7 to 5.2 microns. 

Multispectral spectrometers can be either “point” sys- 
tems or mapping systems. In point systems, a single line 1s 
traced across a surface, measuring the spectra as a com- 
positional profile over terrains. The advantage of this 
approach is that the instrument is relatively simple and 








the total data volume is small. The disadvantage is that 
sampling of the surface is very limited and important areas 
might be missed. Mapping spectrometers have two- 
dimensional arrays of detectors that collect data over an 
area rather than as a line-trace. Mapping spectrometers are 
much more useful for geologic studies. 


2.5.3 Thermal data 


Surface materials radiate, or emit, energy (“heat”) in the 
0.5—300 micron range of the EM spectrum, which can be 
recorded as digital files or transformed into images. 
Detectors that can measure this energy (sensitive thermom- 
eters known as bolometers) were developed by the military. 





energy recorded by a thermal detector, such as the TES, is 
a function of many complex variables, including surface 
composition and texture, the atmosphere between the surface 
and the detector, and the detector sensitivity. Understanding 





the physics of the transfer of energy from the surface to the 
recorder enables the determinations of factors such as the 
mineralogy and grain sizes of surface materials. 


2.5.4 Radar imaging data 


Dense clouds obscure two objects of planetary geologic 
interest, Venus and Titan, a moon of Saturn. Because of its 
long wavelength (Fig. 2.14), radar can “see through” 
clouds and has been used to map both Venus and Titan 
using synthetic aperture radar (SAR) imaging systems. 
Radar is an active remote sensing technique in that the 
energy is generated artificially, in effect illuminating the 
scene to be imaged. SAR systems are mounted on a mov- 
ing platform (an airplane or spacecraft) and send short 
pulses of radio energy obliquely toward the side, striking 
the surface at an angle. Some of the energy is reflected 
back to the spacecraft, where it is received as an echo, by 
which time the motion of the spacecraft has carried it to a 
new position. Several thousand pulses are sent per second, 
at the speed of light, resulting in an enormous data set that 
must be highly processed. To construct an image, three 
factors must be integrated: (1) the round-trip time from the 
instrument to the surface, (2) the Doppler shift due to the 
motion of the spacecraft, and (3) the radar reflectivity of 
the surface, which is a function of composition, surface 
roughness, and other factors. 

Radar images (Fig. 2.5) can be confused with images 1n 
the visible part of the EM spectrum, and there are signifi- 
cant differences that must be understood for proper inter- 
pretation. First, the brightness and apparent shadows in a 
radar image do not result from sunlight, but from “illumi- 
nation” by the radar beam. Thus, the geometry of the 
bright and dark terrains depends on the position of the 
spacecraft and characteristics of the surface such as topo- 
graphy and composition. 


24 


2.6 Geophysical data 


Table 2.1. Radar bands 

Designation Wavelength Frequency Examples 

Ku, K, Ka 0.8-2.4cm 37.5-12.5 GHz Aircraft—Earth 

X 2.4—-3.8cm 12.5-8 GHz SIR-Earth 

G 3.8-7.5cm 8-4 GHz SIR-Earth 

S 7.5-15cm 4-2 GHz Magellan—Venus 
li 15-30cm 2-1 GHz Seasat-Earth 

2 30-100 cm 1 GHz-300 MHz MARSIS—Mars 


Different parts of the radio wavelength EM spectrum 
are used in SAR imaging, designated with letters of the 
alphabet (Table 2.1). These were defined mostly during 
the Second World War as classified information, and the 
letters were arbitrarily assigned. In addition, radar data are 
typically polarized, by which means the waveform ener- 
gies both in the “send” and in the “receive” phases are 
filtered into either a horizontal plane or a vertical plane. 
Thus, the data can occur in one of four combinations: (a) 
HH for horizontal send, horizontal receive; (b) VV for 
vertical send, vertical receive; (c) HV for horizontal send, 
vertical receive, or (d) VH for vertical send, horizontal 
receive. Each mode has advantages and disadvantages 
depending on the application and the nature of the surface. 

The Soviet Venera 15 and /6 and the US Magellan 
missions carried radar imaging systems to Venus to obtain 
the first detailed views of the surface from orbit. NASA’s 
Cassini orbiter, sent to Saturn, carried a radar system to 
obtain images of the moon Titan. 

Very-long-wavelength—low-frequency radar systems 
are capable of penetrating into the subsurface, depending 
on the nature of the surface materials. In general, some of 
the radar energy is reflected from subsurface boundaries, 
such as contacts between rock units, and is recorded; from 
the geometry of the received signal, the depth to the 
boundary can be calculated. Instruments using this prin- 
ciple were used on the Moon during Apollo and were 














flown on the European Space Agency Mars Express mis- 
sion and on NASA’s Mars Reconnaissance Orbiter. 
Penetrating radar is likely to fly on missions to the outer 
Solar System as a means of investigating the ice structure 
of some satellites, such as Jupiter’s moon Europa. 





2.5.5 Ultraviolet, X-ray, and gamma-ray data 


At very short wavelengths (Fig. 2.14), EM energy is 
strongly influenced by gasses, and the ultraviolet (UV) 
part of the EM spectrum is used to study planetary 


atmospheres and surfaces that lack atmospheres. UV 
spectra provide useful information on some of the phys- 
ical properties of the surface, such as grain size and the 
presence of frost. X-ray spectrometers detect energy 





generated by the Sun, in which the X-ray spectra are 
diagnostic for elements such as aluminum, silicon, and 
magnesium. Gamma rays are produced from radioactive 
decay and from the bombardment of surfaces by cosmic 
rays from deep space. Gamma-ray spectrometers meas- 
ure this energy and can be used to map the distributions 
of some elements, such as titanium. For example, X-ray 
and gamma-ray spectrometers were flown on Apollos 15 
and /6 to map parts of the Moon. 


2.6 Geophysical data 


Various techniques are employed to obtain geophysical 
data relevant for planetary geomorphology, including the 
use of instruments to measure altimetry, gravity, and mag- 
netic fields. Topographic data are fundamental for most 
studies and are derived from images (see Section 2.10) or 
from altimeters that measure the distance from the space- 
craft to the ground. For example, topographic data from 
the Mars Orbiter Laser Altimeter (MOLA) are commonly 
used to make images that have the appearance of photo- 
graphs in which the illumination direction and angle, as 
well as the vertical exaggeration, can be controlled. 

Both radar systems and lasers have been used in plan- 
etary exploration for altimetry, in which the time between 
energy emission from the spacecraft and energy receipt 
from the surface yields the altitude. The spacecraft posi- 
tion referenced to the overall shape of the planet then 
enables the surface topography to be derived for compar- 
ison with the geomorphology. 

Mapping variations in local gravity 1s a common tech- 
nique in geophysical studies on Earth and for mineral 
prospecting. Areas containing high-density materials 
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will have slightly higher gravitational accelerations than 
areas of low-density materials, when differences in local 
topography are taken into account. In planetary explora- 
tion, mapping gravity variations, as was done for the 
Moon, provides insight into subsurface structure and the 
possible relation to surface features. 

Magnetic fields vary in space and time on planets. On 
Earth, measuring the orientations of the fields “locked” in 
rocks helped build the case for the theory of plate tectonics 
and showed that the magnetic poles have shifted with 
respect to the spin axis. Not all planets have magnetic 
fields today, but magnetometers flown on spacecraft have 
revealed the presence of remnant magnetic fields. For 
example, the Mars Global Surveyor spacecraft recorded a 
remnant field in the oldest rocks exposed on the surface. 
Its absence in the younger terrains suggests that there was 
a fundamental change in the interior of Mars early in its 
history, thus demonstrating that geophysical measure- 
ments combined with surface geology provide powerful 
tools for deciphering planetary histories. 


2.7 Image processing 





Digital “snapshot” cameras and computers typically have 
built-in routines to manipulate images, such as “red-eye” 
removal. Such digital image processing has become so 
commonplace that many people do not understand what is 
involved. In this section, some of the principles and prac- 
tices of planetary image processing are outlined. 

The basic units of digital images are pixels (an abbrevia- 
tion for “picture elements”), which can be arrayed in hori- 
zontal lines and vertical rows to make a picture. The amount 
of light received by the detector for each pixel is encoded by 
its brightness level. In 8-bit encodement (2 raised to the 8th 
power), 256 shades of gray can be assigned, with each level 
referring to a specific “DN” (digital number), in which a 
DN of 0 1s black (no light recetved) and a DN of 255 1s a 
perfectly white level. These are typically shown on an 
image by a DN histogram that gives the distribution of the 
various levels of gray in an image (Fig. 2.15). Because the 
human eye can discriminate only about 30 shades of gray, 
this means that digital images potentially contain much 
more information than can be visually detected. Various 
algorithms can be applied to extract this information after 
calibration of the image. 

Calibrations. Digital image detectors are not uniform in 
their response to light. Within any given array, some detec- 
tor pixels will be more sensitive than others. Consequently, 
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Figure 2.15. Images of Mars to illustrate some common image 
processing techniques: (a) calibrated image showing a histogram 
(bottom of image) of DN levels within a relatively narrow range 
centered at about 134; (b) a “stretched” image in which the DN levels 
are spread over a wider range than in (a) and shifted toward a darker 
(lower DN) level; (c) a low-pass filter image resulting in a smoother 
appearance; (d) a high-pass filter image in which differences in 
brightness are enhanced; and (e) a sharpened image in which 
boundaries among DN changes are emphasized (part of Mars Orbiter 
Camera image mc27-256). 


after the camera has been assembled, but before it goes into 
use, it must be calibrated to take these differences into 
account. In its simplest form, an image of a “flat field,” 
which consists of a perfectly uniform, perfectly illuminated 
surface 1s taken by the camera. Each pixel is then adjusted 
by adding or subtracting DNs until all the pixels have the 
same value. This mapping of DNs is then standardized for 
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Figure 2.16. “Donuts” are image blemishes (arrow) caused by dust 
grains in camera systems. These and other artifacts can be removed 
in image processing by mapping the pixels that are affected and 
then assigning DN values to them on the basis of the values of the 
surrounding unaffected pixels. This represents cosmetic processing 
and users need to be aware that the assigned pixel values are 
artificial (NASA Viking Orbiter 826A68). 


that particular camera so that, when images are subsequently 
taken, they can be calibrated or adjusted pixel-by-pixel. 

Despite the best efforts to maintain cleanliness, dust 
grains find their way into imaging systems and can pro- 
duce artifacts, such as “donuts” (Fig. 2.16). As part of the 
calibration routine, these and other artifacts are mapped so 
that they can be taken into account and cosmetically 
corrected, as noted below. 

Calibrations are also typically performed during flight 
because detectors can change with time. Such calibrations 
are accomplished by taking images of known surfaces, such 
as the Moon or star fields, with individual pixels adjusted, 
just as is done in pre-flight calibrations. New artifacts can 
also occur, as when cosmic rays “zap” the detector and 
degrade or knock out one or more pixels. These artifacts 
are also mapped and can be corrected cosmetically. 

Stretches. Stretching digital images involves shifting 
the distribution of DN levels (Figs. 2.15(a) and (b)), or 
bringing about a simple increase in brightness by moving 
all the DNs to a higher level without changing the shape of 
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the histograms, or redistributing the DNs following some 
specific function, such as a Gaussian distribution. More 
complicated stretches involve giving one part of the dis- 
tribution more weight than other parts in order to empha- 
size detail. 

Filters. Filtering involves manipulating multiple pixels 
as sets within the image. For example, boxcar filters give a 
weighted value to each pixel as a function of the value of its 
neighbors (the “box’’), which is then slid across the image, 
adjusting each pixel one-by-one. In a low-pass filter the 
value of the central pixel is the average value of the neigh- 
boring pixels, and the image tends to be smoothed, enhanc- 
ing broad changes 1n the scene (Fig. 2.15(c)); the larger the 
boxcar, the smoother the result. 

In high-pass filters the DN values from the low-pass 
filter are subtracted from the image, leaving only the 
smaller variations in the scene and producing a somewhat 
sharper image (Fig. 2.15(d)). Edge-enhancement filters 
decrease the contrast where pixels have similar values and 
enhance the contrast where pixels change, in order to 
emphasize the boundaries in the scene (Fig. 2.15(e)). 

Common “snapshot” digital cameras automatically 
apply some form of stretching and filtering to produce 
pleasing images. Once in the computer, stretching, filter- 
ing, and various color-enhancement techniques are 
applied with user-friendly “black box” programs that are 
based on the processes outlined above. 

Geometric projections. In most spacecraft images, the 
position of each pixel is referenced to some system, such 
as geographic coordinates by latitude and longitude. This 
allows the image to be re-cast into standard projections. 
For example, an image might be taken that is oblique, or 
viewed looking at the terrain at an angle similar to the 
view from an airplane window. Because the geometric 
position of each pixel is known, they can be shifted so 
that the image 1s portrayed orthographically as though it 
were taken as viewed looking straight down on the terrain 
(Fig. 2.17). Alternatively, the image can be re-projected 
into a standard cartographic product, such as a Mercator 
projection, depending on the intended use. 

Mosaics. Multiple frames can be put together as 
mosaics (Fig. 2.18), in which the boundaries between 
individual frames are seamless. This begins with the iden- 
tification of individual tie points that consist of specific 
features, such as small craters, that are visible on more 
than one frame. The pixels in the frames are then re- 
projected geometrically so that all of the features match. 
Various filters are then applied so that the pixel DN values 
along the frame boundaries are averaged to reduce the 
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Figure 2.17. Geometric projections involve shifting individual 
pixels into new positions; for example, this image of Mercury was 
taken at an oblique angle from the Mariner 10 spacecraft, viewed 
off to the side (a), which was then orthographically reprojected 
(b) so that the scale is near-uniform over the entire scene (as 
though viewed “straight-down” from the spacecraft; NASA 
Mariner 10 FDS 27321). 


contrast. This overall process can be done automatically 
or by hand. 

Cosmetic processing. A wide variety of processes can 
be applied to generate images that are more pleasing to the 
eye. For example, individual pixels or blocks of pixels 
might have DN “0” levels because parts of the detector 
have been damaged, or because data were lost during 
transmission from the spacecraft to Earth. The simplest 
method of filling in the missing data is to use some 
average value of the neighboring pixels for the missing 
pixel. Similarly, blemishes, such as those caused by dust 
grains, can be removed by reference to the calibration files 
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Figure 2.18. Mosaics combine more than one image to matching 
pixels along frame boundaries and assigning average values to the 
pixels, giving the appearance of a single image. (a) This set of 
Mariner 10 images of the Caloris basin on Mercury was assembled by 
hand; (b) the same scene as a computer-generated mosaic (courtesy 
of the Jet Propulsion Laboratory). 


and the missing data can be applied. One must remember 
that cosmetically improved images include DN values that 
are not real (Figs. 2.16, 2.19, and 2.20). 


2.8 Resolution 


The scale of individual pixels in a digital image and the 
resolution of that image are somewhat related, but are 
distinctive parameters that are often confused, even in 
the planetary science community. Put simply, the scale 
of a pixel is related to the dimension of the terrain pro- 
jected onto the detector through the imaging system lens. 
Thus, it is dependent primarily on the optics, the distance 
of the camera from the terrain, and the size of each pixel of 
the detector. The pixel scale then can be stated as some 
length per pixel, such as 10 m per pixel, meaning that 10 m 





Figure 2.18. (cont.) 


on the ground is registered as a single DN value by the 
pixel detector. 

Resolution is a much more complicated parameter than 
pixel scale, since it refers to the smallest object that can be 
identified in the image. Thus, the contrast of the object in 
relation to its background, the shape of the object, the 
responsitivity of the particular detector to the composition 
and surface texture, and other factors all play a role in 
resolution, as well as the size of the object in relation to the 
pixel scale. For example, a stark white object ten times 
larger than the pixel scale might not be seen on an image if 
the object were placed on a pristine snow field, while 
some linear features, such as fault traces, might be 
detected even though the width of the fault might be 
smaller than the pixel scale, simply because of its shape 
and the contrast with the surrounding terrain. 

Because of the complications in defining resolution, 
digital images are often (erroneously) stated to have a 
“resolution” of x meters per pixel, when this phrase 
actually refers to the pixel scale or angular resolution. 
Obviously, it takes more than one pixel to discern an 
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Figure 2.19. Various cosmetic image processing techniques remove 
artifacts such as “donuts” (Fig. 2.16), filling-in pixels or lines of pixels 
“dropped” during electronic data transmission (a) by assigning 
average values of surrounding pixels to the dropped pixels, and by 


removing reseau (“r," registration marks built into the imaging 
system used for precise location of surface features) to produce a 
final image (b). 


object, depending on the object’s shape. To further com- 
plicate the issue, some images will be stated to have a 
resolution of x meters per line pair of pixels, which is an 
attempt to take into account the need for more than one 
pixel for object detection. 





Figure 2.20. Lunar Orbiter photographs were transmitted and 
reconstructed by assembling strips of film, resulting in the distinctive 
pattern seen in (a); mosaicing and image processing results in a 
smooth, continuous image as shown in (b). 


Pixel scale can also be erroneously set with the image 
processing tools commonly available on computers. Some 
of these tools resize the image, in effect adding pixels to fit 
some format, and leading to an imaginary pixel scale that 
is smaller than the actual pixel scale of the original data. 
When using such tools, it 1s best to use a “sanity check,” 
keeping in mind that the pixel scale cannot be better than 
that of the original image. 
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2.9 Electronic data records (EDRs) 





EDRs are the files from the mission (this refers to all data, 
not just images). For images, there are different levels of 
processing, as outlined below. 

Level 0 refers to the raw data (no processing) as 
received from the spacecraft. This version is generally 
preferred by scientists who need to conduct quantitative 
studies, such as photometry (precise measurements of 
surface brightness), for which they have their own algo- 
rithms for customized processing. Level 0 is often the 
preferred archival method to preserve the original files in 
order that algorithms developed later can be applied. 

Level 1 data are decompressed. To make data acquis- 
ition and transmission more efficient, various data com- 
pression techniques are applied; these can be either 
hardware techniques built into the imaging system or 
software techniques that can be updated on board the 
spacecraft. For example, all pixels that have a DN of 
zero (black) might be automatically eliminated from the 
data transmission. Compression 1s either lossless (preserv- 
ing all the data) or lossy, in which some data are lost. In 
level 1, the compression is “reversed” to restore the orig- 
inal image to the extent that this 1s possible. 

Level 2 data have the calibration files applied to pro- 
duce radiometrically corrected images in which the 
brightness levels are correctly given, taking into account 
illumination, etc. On some missions, radiometric calibra- 
tion is done on level | files. 

Level 3 data have been custom processed for specific 
uses; for example, images might now be in some uniform 
map projection. 

Level 4 data are further processed and might be merged 
with other data; for example, level 4 images might have 
topographic information incorporated. 


2.10 Cartography 





Maps are essential for exploration. No doubt, early 
humans scratched simple maps in the dirt to describe 
hunting grounds, clan boundaries, and other geographic 
locations critical for their survival. Planetary maps are 
generated from image mosaics using conventional carto- 
graphic projections. The USGS is supported by NASA to 
produce maps with a variety of scales, projections, and 
portrayal methods. Most of the terrestrial planets and the 
satellites that have been adequately imaged have been 
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mapped in standard cartographic series, or quadrangles. 
Indexes and availability of cartographic materials are 
maintained on the USGS website (http://pdsmaps.wr. 
usgs.gov) and include geologic maps and a gazetteer of 
officially named planetary surface features. 

Deriving a coordinate reference system for planets is 
challenging. Once the spin axis for an object has been 
determined, the equator can be set with latitude running 
north and south from the equator. The prime meridian is 
arbitrarily defined, using some recognizable feature, such as 
a small crater. Now come some potential problems! 
Longitude can run either east or west from the prime meri- 
dian, and both have been used in planetary science, even on 
the same planet. Thus, some instrument data sets give 
coordinates in east longitude, while others use west longi- 
tude. In principle, so long as east or west is designated, there 
should be no problems, but in practice, especially with some 
digital files where E or W is not designated directly with the 
values, errors can arise. For example, both systems have 
been used on Venus, and in the early planning stages for a 
mission that would have sent small probes through the 
atmosphere toward the surface, the scientists used one sys- 
tem and the engineers used the other system; had the mis- 
sion flown (it did not) and the error not been caught, the 
probes would have descended through a part of the venusian 
atmosphere totally different from that targeted. 

Today, the generally accepted use on maps follows the 
planetographic system, in which west longitudes are 
used for objects that spin in the same direction as that in 
which the object orbits. For example, looking down on a 
planet’s north pole, the planet would spin in a counter- 
clockwise direction and the planet would orbit the Sun ina 
counter-clockwise direction. When viewing the planet 
toward the equator from a fixed position in space, the 
longitudes would increase in value toward the west as 
the planet rotated. For an object that is in retrograde 
motion (spinning in the opposite direction to its orbit, 
such as Venus), longitudes increase toward the east. 

The “zero” reference elevation also poses problems; 
what does one use on a planet not having a sea level? 
Different systems have been used on different planets. For 
example, on the Moon and Venus, the mean radius of the 
planet is taken as the “zero” contour, while on Mars, the 
original reference was based on the triple point of carbon 
dioxide, the main component of the atmosphere. The 
triple point of a substance is the pressure—temperature 
condition at which all three phases (solid, gas, liquid) 
exist. As discussed in Chapter 7, a different system is 
used on Mars currently. Thus, depending on data 
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availability and the specific planet, different systems are 
used throughout the Solar System, and, as with longitude, 
one must be familiar with the conventions used for the 
specific planetary object of interest. 

Topographic maps are generated using a variety of 
techniques, including photogrammetry, photoclinometry, 
and altimetry (see Section 2.6). Photogrammetry has long 
been used in making topographic maps of Earth from 
aerial photographs. This technique is based on stereo- 
scopic models in which two or more images are taken of 
the same terrain but from different viewing angles. From 
knowledge of the geometry of the camera system optics 
and the altitude from which the images are taken, the relief 
of the terrain can be derived. Photoclinometry, also 
known as “shape from shading,’ uses the amount of 
light reflected from the surface to determine the slope of 
that surface; this technique requires that the illumination 
and viewing geometry be known and that the surfaces are 
homogeneous with regard to texture, composition, and 
other variables that influence their reflectivity. In these 
cases, the reflectivity of each pixel is measured, from 





Figure 2.21. Digital elevation models (DEMs) enable topography to 
be portrayed by a variety of techniques, including as shaded-relief 
maps, shown here for the Olympus Mons shield volcano on Mars. 
Manipulation of DEMs can provide oblique views of terrain, as might 
be seen from an airplane window, and the illumination direction and 
angle can be changed to include early-morning to mid-day views 
(MOLA topographic DEM courtesy of the US Geological Survey). 
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Table 2.2. Terms used for features in planetary nomenclature (US Geological Survey) 






































Feature? 


Albedo feature 
Arcus, arcus 
Astrum, astra 
Catena, catenae 
Cavus, Cav 
Chaos, chaoses 
Chasma, chasmata 
Collis, colles 
Corona, coronae 
Crater, craters 
Dorsum, dorsa 
Eruptive center 
Facula, faculae 
Farrum, farra 
Flexus, flexus 
Fluctus, fluctus 
Flumen, flumina 
Fossa, fossae 
Insula, insulae 


Labes, labés 
Labyrinthus, 
labyrinthi 

Lacus, lacus 


Landing site name 
Large ringed feature 
Lenticula, lenticulae 
Linea, lineae 
Lingula, lingulae 
Macula, maculae 
Mare, maria 


Mensa, mensae 
Mons, montes 
Oceanus, oceani 
Palus, paludes 
Patera, paterae 
Planitia, planitiae 
Planum, plana 
Plume, plumes 
Promontorium, 
promontoria 
Regio, regiones 


Reticulum, reticula 
Rima, rimae 
Rupes, rupes 
Satellite Feature 


Scopulus, scopulli 
Sinus, sinus 
Sulcus, sulci 
Terra, terrae 


Description 


Geographic area distinguished by amount of reflected light 
Arc-shaped feature 

Radial-patterned features on Venus 

Chain of craters 

Hollows, irregular steep-sided depressions, usually in arrays or clusters 
Distinctive area of broken terrain 

A deep, elongated, steep-sided depression 

Small hills or knobs 

Ovoid-shaped feature 

A circular depression 

Ridge 

Active volcanic centers on lo 

Bright spot 

Pancake-like structure, or a row of such structures 

A very low curvilinear ridge with a scalloped pattern 

Flow terrain 

Channel on Titan that might carry liquid 

Long, narrow depression 

Island (islands), an isolated land area (or group of such areas) surrounded by, or nearly 
surrounded by, a liquid area (sea or lake) 

Landslide 

Complex of intersecting valleys or ridges 


“Lake” or small plain; on Titan, a “lake” or small, dark plain with discrete, sharp 
boundaries 

Lunar features at or near Apollo landing sites 

Cryptic ringed features 

Small dark spots on Europa 

A dark or bright elongate marking, may be curved or straight 

Extension of plateau having rounded lobate or tongue-like boundaries 

Dark spot, may be irregular 

“Sea;" large circular plain; on Titan, large expanses of dark materials thought to be liquid 
hydrocarbons 

A flat-topped prominence with cliff-like edges 

Mountain 

A very large dark area on the Moon 

“Swamp;” small plain 

An irregular crater, or a complex one with scalloped edges 

Low plain 

Plateau or high plain 

Cryo-volcanic features on Triton 

“Cape;" headland promontoria 


A large area marked by reflectivity or color distinctions from adjacent areas, or a broad 
geographic region 

Reticular (netlike) pattern on Venus 

Fissure 

Scarp 

A feature that shares the name of an associated feature. For example, on the Moon the 
craters referred to as “Lettered Craters” are classified in the gazetteer as “Satellite 
Features.” 

Lobate or irregular scarp 

“Bay;" small plain 

Subparallel furrows and ridges 

Extensive land mass 


Table 2.2. (cont.) 


Feature? Description 


Tessera, tesserae Tile-like, polygonal terrain 


Tholus, tholi Small domical mountain or hill 
Unda, undae Dune 
Vallis, valles Valley 


Extensive plain 
A streak or stripe of color 


Vastitas, vastitates 
Virga, virgae 


* Singular, followed by plural form. 


which the slope of the terrain covered by that pixel is 
determined. For example, a pixel covering ground that is 
flat and horizontal, with the Sun directly overhead, would 
appear brighter than a pixel of the same type of surface, 
but tilted with respect to the horizontal. An overall topo- 
graphic map 1s then generated by integrating the slopes for 
the areas covered by each pixel. 

Once the topography has been derived, whether from 
images or from other techniques, digital elevation mod- 
els (DEMs) can be constructed. Topography then can be 
shown by contour lines, by colors, or as shaded-relief 
maps (Fig. 2.21) to portray the terrain as it might appear 
to a viewer from above. 

Names for planetary objects and surface features are 
determined by the International Astronomical Union 
([AU) through a committee and various subcommittees 





Assignments 





1. Discuss the fundamental differences between images 
produced from the visible part of the electromagnetic 
spectrum and images produced from radar systems. 


2. Discuss the fundamental concept of using impact 
crater counts for age-dating planetary surfaces and 





explain the difference between equilibrium and pro- 
duction distributions. 


3. Outline the advantages and disadvantages in the use of 
laboratory simulations, computer modeling, and ter- 
restrial field analog studies to understand geologic 
processes on other planets. 


Assignments 


(typically, one for each planet). Names on planetary sur- 
faces derive from a variety of sources, including historic 
telescopic usage on maps of the Moon made centuries 
ago. In the Space Age, there has been an attempt to set 
specific themes for naming surface features. For example, 
small craters on Mars are named for Earth villages or 
towns of less than 100,000 population, while volcanoes 
on Io are named for ancient gods dealing with fire, such as 
Prometheus. 

Classes of surface features typically are Latinized, as 
given in Table 2.2. With features named for people 
(mostly craters) it is required that the individual be 
deceased for at least five years before the name is applied. 
The USGS maintains a gazetteer of named features, which 
can be accessed at their website http://planetarynames.wr. 
usgs.gov/. 


4. Explain the difference between pixel scale and reso- 
lution for images. 


5. Visit the USGS website for planetary maps and review 
how names are assigned to surface features and sum- 
marize the process. 


6. Discuss how an astrobiologist might use a geologic 
map of Mars to plan a future landed mission to 
search for evidence of past or present life beyond 
Earth. 
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CHAPTER 3 


Planetary morphologic processes 


3.1 Introduction 


Earth is a dynamic planet. That simple statement can be 
supported by our own direct observations. Earthquakes, 
river banks collapsing during flooding, erupting volca- 
noes — all are experienced or documented on the news 
every year and show that our planet is everchanging. 
These examples represent three of the four fundamental 
processes that shape Earth’s surface: tectonism, grada- 
tion, and volcanism. 

The fourth fundamental process, impact, which is gen- 
erally less often observed, 1s also documented, sometimes in 
quite newsworthy events as when a meteoroid plunges 
through the roof of a house. As the geologic record shows, 
the history of Earth can be profoundly altered by impacts, 
such as the well-known Chicxulub structure in the Yucatan 
peninsula of Mexico. This structure, now buried beneath a 
kilometer of sediments, has been mapped by geophysical 
methods and drill-holes to be more than 80 km 1n diameter 
and is estimated to have formed from an impact that released 
the energy equivalent of some 10 billion tons of TNT. The 
resulting fireball ignited world-wide fires, generated enor- 
mous amounts of CO, from the vaporization of limestone 
present at the impact site, and triggered tsunamis throughout 
the Gulf of Mexico and adjacent waters. As is now widely 
accepted, these catastrophic events led to mass extinctions, 
including that of the dinosaurs, and marked the boundary 
between the Cretaceous Period and the Tertiary Period 65 
million years ago. It was not so much the direct impact that 
led to extinctions, but the effects on the surface environ- 
ment, including firestorms, enhanced greenhouse processes, 














and disruption of the food chain. 

Geologic exploration of the Solar System shows that 
the surfaces of the terrestrial planets, satellites, and small 
bodies, such as asteroids, have been subjected to one or 
more of the four fundamental processes. In some cases, 
the processes are currently active; in other cases, the 


geomorphology of the surface reflects events that hap- 
pened in the past but are no longer taking place. 
Learning to recognize the landform “signatures” left by 
tectonism, gradation, volcanism, and impacts 1s one of the 
main goals of planetary geomorphology. 

The relative importance of the surface-modifying pro- 
cesses among the planets is a function of many factors, 
including the history of the object and the local environ- 
ment. For example, gradation on Earth is dominated by 
water, but in the current cold, dry martian environment, 
wind dominates. Thus, we must understand how gravity, 
surface temperature, the presence or absence of an atmo- 
sphere, and other variables influence the manner in which 
the processes operate and lead to specific landforms. 

In the following sections, tectonism, volcanism, grada- 
tion, and impact processes are described and illustrated, 
using examples taken primarily from Earth to serve as a 
basis for planetary comparisions. 





3.2 Tectonism 





Road-cuts along many highways show ample evidence for 
rock deformation, or tectonic processes. As can be seen in 
Figs. 3.1 and 3.2, Earth’s crust can be broken along faults 
or bent into distinctive folds. These and other features can 
be related, in part, to the style of tectonic deformation of 
the crust, such as tension or compression. However, 
knowledge of global-scale crustal deformation on Earth 
was not gained until the unifying concept of global plate 
tectonics was formulated in the 1960s. This insight was 
important for understanding the evolution of Earth’s crust 
and is critical in the interpretation of other planets. 
Determining the styles of tectonic deformation on the 
planets provides clues to their general evolution and the 
configuration of their interiors. 

Seismic and other geophysical data show that the inte- 
rior of Earth consists of distinctive zones. The outer zone, 
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Figure 3.1. Road-cut near Death Valley, California, showing rocks that 
have been sheared by a reverse fault as a result of compression; the 
fault plane extends toward the upper right from the figure standing by 
the road; note that the light gray rocks (A) have been shoved upward 
some 5m vertically (arrows indicate direction of relative motion). 


or the crust, consists of chemically differentiated materials 
termed sima (referring to the elements Si, silicon, and 
Mg, magnesium), which floors the ocean basins, and a 
lower-density sial (Si and Al, aluminum) that forms the 
continental crust. Analyses of the physical properties of 
the Earth’s interior zones from seismic data led to the 
recognition of the lithosphere and asthenosphere. 
The lithosphere includes the crust and the upper part of 
the mantle, which together behave as a relatively rigid, 
solid shell. The lithosphere rests on the asthenosphere, 
which is the mechanically plastic (or “slippery”’) layer of 
the mantle. The mantle is volumetrically the largest of 
Earth’s interior zones, beneath which is the core, consist- 
ing of an outer liquid zone and an inner solid zone. 

Heat sources within Earth’s interior generate convec- 
tion cells within the mantle and plastic flow that can 
upwarp zones in the lithosphere and concentrate heat. 
These zones can fracture, pull apart, and become sites of 
volcanism, which introduces new rock to the surface. 
Lateral flow of the “slippery” asthenosphere can, in turn, 
drag segments of the lithosphere outward from the frac- 
tures, forming rift zones. However, heat sources are not 
evenly distributed within the mantle; nor are they of equal 
magnitude, resulting in convection cells of different sizes 
and geometries. On a global scale, this leads to individual 
segments of the lithosphere, or plates (Fig. 3.3), that are 
of different sizes, moving at different rates. 

Zones of upward-converging convection tend to be 
sites of mafic (magnesium- and iron-rich) volcanism, 
which reflect the sources of magma derived from the 
upper mantle. Such volcanism generates new sima-style 
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Figure 3.2. These rocks in southern Israel were originally deposited 
in flat-lying, horizontal beds, but subsequently have been deformed 
into folds by compression. 


crust and commonly occurs in oceanic settings. Up- 
arching of the crust and accumulation of lava form sym- 
metric mid-ocean ridges and fracture systems, such as the 
mid-Atlantic rift. Lateral flow away from central rifts, 
termed sea-floor spreading, has been measured to be as 
rapid as 16 cm/yr along the East Pacific Rise, equivalent to 
a pencil-length each year. In one million years (a geologic 
“blink of the eye’’), 1ts separation is some 160 km. 
Downward-converging convection cells drag litho- 
spheric plates toward one another into collision. Any 
one of several styles of plate collision can occur, depend- 
ing on the composition of the crustal segments that are 
involved and the angle of the collision. Downward drag- 
ging of slabs of crust, or subduction, generates earth- 
quakes and possible remelting of the crust, leading to 
volcanism. Because this melt, or magma, is formed at 
least partly from continental crustal materials or from 
oceanic sediments, the volcanism in subduction zones 
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Figure 3.3. The lithosphere of Earth is divided into some seven major plates and more than a dozen smaller segments, most of which are in 
constant motion. Collisions and differential movement of plates lead to compression and tension and the formation of structural features, 
such as faults and folds in crustal rocks (courtesy of the US Geological Survey). 


tends to be more silicic (silica-rich) in comparison with 
zones of up-welling convection. 

In some places, upward convection is concentrated in 
one place, forming a plume, or hotspot. The resulting 
volcanism can be mafic if the plume rises through oceanic 
crust, or silicic if the plume rises through continental crust. 
As will be seen in Section 3.3, the composition of the 
erupted magma has a significant influence on volcanic 
eruptions and the resulting landforms. 

As one can imagine, individual lithospheric plates do not 
move at the same rate, which causes them to deform by 
processes such as tension and compression. Coupled with 
plate collisions, this tectonic activity results in a variety of 
structures, including faults, joints, and folds. Breaking of 
rocks (Fig. 3.4) can occur as (a) normal faults, which result 
from tensional stresses; (b) reverse faults, which result from 
compressional forces (thrust faults are reverse faults 
involving very-low-angle fault planes); and (c) strike-slip 
faults in which displacement is principally in horizontal 
directions. The San Andreas fault in California 1s an example 
of a strike—slip fault. Both normal and reverse faults involve 
primarily vertical displacements of rocks along the fault 
plane. Joints also involve fracturing of rocks, but, unlike 
faulting in which rocks shift along a fault plane, jointing 
involves just separation of rocks away from the fracture. 
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Figure 3.4. Diagrams of features reflecting structural deformation 
of rocks. 


Some rocks subjected to compression yield by bending 
into folds, rather than breaking along faults. Folds of several 
types can occur (Fig. 3.4), some of which produce topo- 
graphy that directly reflects the form of the fold. Thus, in 


36 


SET ee 
-- =F Lai il a 
Fy a 





Figure 3.5. A view of the Zagros Mountains, Iran, showing elongate 
anticlines that resulted from folding of Earth’s crust by compression. 
Most of the mountains mirror the upwarped folded rocks (Apollo 7 
image AS7-1615). 


Fig. 3.5 the mountains coincide with anticlines (upwarped 
rocks). More commonly, however, there is an inversion of 
topography; during the process of folding, rocks along the 
axes of the anticlines are subjected to tension, which may 
cause them to be jointed, or in effect to “open up.” Rocks 
along the axes of synclines (downwarped rocks) tend to 
be compressed, causing pore space and other voids to 
close. Consequently, weathering and erosion are enhanced 
along anticlines and are retarded along synclines. With 
time, net erosion is more rapid along anticlines, leading to 
the development of valleys, while synclines often form 
ridges. 

Global-scale tectonic processes are generally linked 
to the thermal evolution and interior characteristics of plan- 
ets. The smaller terrestrial planets (Mercury, the Moon, 
and Mars) have thick lithospheres that show little evidence 
of tectonic deformation over the last 80% of their history. 
Sometimes called one-plate planets, they have crusts 
that formed early in Solar System history and preserved 
the terminal period of accretion. Tectonism on these planets 
is expressed primarily by vertical movements, forming 
features such as grabens (Fig. 2.9), as the crust cooled. 


3.3 Volcanic processes 





Prior to the middle of the twentieth century, books on 
volcanism were primarily descriptive. Beginning 1n the 
1970s, a more quantitative approach was taken toward 
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Figure 3.6. Rocks formed from the cooling of magma are either 
volcanic (resulting from eruption of magma to the surface and 
forming glass or fine-grained minerals) or plutonic (resulting from 
magma cooling from below the surface and forming large-grained 
materials). The classification of both volcanic and plutonic rocks is 
based on the mineral content and their percentages. Not all igneous 
rocks are indicated in this simplified diagram (courtesy of the US 
Geological Survey). 


understanding volcanic processes, spurred partly by the 
discovery that volcanism is important on other planets. 

Volcanism involves the generation of magma (molten 
rock) and its eruption onto the surface, providing clues 
regarding the thermal evolution and interior characteris- 
tics of planets. On Earth, magma forms 1n the lower crust 
and upper mantle as a result of heat generated from differ- 
entiation of the mantle and core, friction from tectonic 
processes, and radioactive decay. 

Most active volcanoes on Earth form on or near tectonic 
plate boundaries. As discussed above, crustal spreading 
zones are typically marked by mafic volcanism, involving 
iron-rich silicate magmas that commonly produce basaltic 
rocks (Fig. 3.6). Subduction zones typically involve 
silica-rich magmas, which produce andesitic, dacitic, 
and rhyolitic rocks. “Hotspots” are also important loca- 
tions for volcanism. As crustal plates slide across these 
zones, magma erupts through the plates to the surface, 
producing chains of volcanoes much like an assembly 
line, typified by the Hawaiian volcanoes in the Pacific 
ocean. 

Basaltic volcanism dominates the terrestrial planets. It 
is the principal rock on Earth’s sea floors, constitutes the 
dark areas of Earth’s Moon, forms the huge volcanoes of 
Mars and Venus, and is the rock constituting many of the 
smooth areas of Mercury. In addition, several lines of 


evidence suggest that the asteroid Vesta may be basaltic 
and some meteorites (including those likely to be from 
Vesta) appear to be fragments of bodies that experienced 
basaltic volcanism. 


3.3.1 Volcanic eruptions 


Among the earliest recordings of volcanic eruptions are 
the writings of Pliny the Elder, a Greek philosopher who 
witnessed the eruption of Vesuvius in A.D. 79. Through 
the centuries, an understanding of volcanic processes was 
gained from similar observations of active volcanoes. This 
understanding led to a classification scheme based on 
specific volcanoes, which became type localities for the 
various classes of eruptions. Today, it is recognized that 
many of the categories of eruptions are gradational with 
one another or are variations of very similar processes. 
Nonetheless, modern literature still carries some of the 
original classification categories, such as Strombolian for 
the classic volcano in the Mediterranean. In the simplest 
classification, eruptions are referred to as explosive 
(driven by the release of gasses in the magma as it reaches 
the surface) or effusive (magma released to the surface 
as liquid lava flows). Explosive eruptions produce pyro- 
clastic (“fire-broken’’) materials, such as ash and cinders. 
Most modern classifications for the styles of volcanism 
are based on the characteristics of the products erupted 
and on the degree of eruption explosivity, as given 
in Table 3.1. 


3.3.2 Volcanic morphology 


The forms of volcanoes and related terrains result from 
complex, often interrelated parameters. Planetary volca- 
nologist Whitford-Stark (1982) noted that these factors 
fall into three groups (Table 3.2): planetary variables, 
magma properties controlling rheology, and intrinsic 
properties of eruptions. 

Planetary variables include those factors that are char- 
acteristic for the particular body. For example, the height 
of an explosive eruption is governed by such consider- 
ations as the gravitational acceleration and the presence 
or absence of an atmosphere. In turn, these factors influ- 
ence the shape of the resulting volcano; in an airless, 
low-gravity environment such as the Moon, pyroclastic 
deposits would be widespread, in contrast to on Earth, 
where the ejection distance would be retarded by the 
atmosphere and higher gravity, leading to the formation 
of cinder cones (Fig. 3.7). 


Planetary morphologic processes 





Figure 3.7. Cinder cones form by mild explosions (Strombolian 
eruptions) that eject solid material (pyroclastic fragments) on 
ballistic trajectories; the pyroclastic materials accumulate at the 
angle of repose (~34°) to form cones, as seen here in Lassen National 
Park, California. 


Rheology refers to the flow properties of the lavas, of 
which the viscosity is of primary importance. Viscosity 1s 
a function of many variables, including temperature, com- 
position, degree of crystallization, and gas content. High 
temperatures lead to low-viscosity (Fig. 3.8), or runny, 
liquids (e.g., hot syrup), while low temperatures lead to 
high-viscosity liquids (e.g., cold syrup). Composition 
refers to the silica content, in which silica-rich minerals 
(such as quartz) form complex molecular structures that 
increase the viscosity and retard flow, while mafic miner- 
als (such as olivine) tend to have simple molecular struc- 
tures and lower the viscosity. As lava cools, crystallization 
takes place and the entrained solids also increase the 
viscosity. Gas content includes not only the amount of 
volatiles present, but also their state. Generally, volatiles 
enhance flow, leading to lower viscosities, but, as the 
gasses come out of solution, the entrained bubbles retard 
flow and increase the viscosity. Rapid release of gasses 1s 
responsible for “driving” explosive eruptions, much like 
in a can of soda that is shaken (releasing the gasses), 
which then spews when it is opened. The most violent 
eruptions on Earth involve explosions of silica-rich mag- 
mas of the sort that occurred in southern California 
760,000 years ago. This eruption formed the Bishop 
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Table 3.1. 


Eruption type 


EFFUSIVE (flow) 
Basaltic flood 


“Plains” or 
Icelandic 


Hawaiian 


EXPLOSIVE 
Strombolian 


Subplinian 


Pelean 


Plinian 


Ultraplinian 


Physical 
nature of 
the magma 


Fluid 


Fluid 


Fluid 


Moderately 
fluid 


Viscous 


Viscous 


Viscous 


Viscous 


PHREATO-MAGMATIC 


Surtseyan 


Fluid 


Classification of volcanic eruptions 


Character of 
explosive activity 


Very weak 


ejection of very 
fluid blebs; little 
lava fountaining 


Weak ejection of 


very fluid blebs; 
little lava 
fountaining 


Weak ejection of 


very fluid blebs; 
lava fountains 


Weak to violent 


ejection of pasty 
fluid blebs 


Moderate to 
violent ejection 
of solid or very 
viscous hot 
fragments of 
lava 

Like subplinian, 
commonly with 
glowing 
avalanches 

Paroxysmal 
ejection of large 
volumes of ash, 
often with 
caldera collapse 

Relatively small 
amounts of ash 
projected 
upward into the 
atmosphere 


Water plus 


magma; 
moderately 
explosive 


Nature of effusive 
activity 


Voluminous wide- 
spreading flows of 
very fluid lava from 
fissures 


Moderately wide- 
spreading flows of 
thin sheets, often 
through lava tubes 
and channels; 
aligned vents 

Thin, often extensive 
flows of fluid lava, 
frequently involving 
lava tubes and/or 
channels 


Thick, short flows of 
moderately fluid 
lava; flows may be 
absent 


Flows commonly 
absent; thick and 
stubby when 
present; ash flows 
rare 


Domes and/or short 
very thick flows; may 
be absent 


Ash flows, small to very 
voluminous; may be 
absent 


Voluminous wide- 
spreading ash flows; 
single flows may 
have volume of tens 
of cubic kilometers 


Little or none 
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Nature of domi- 
nant ejecta 


Cow-dung 
bombs and 
spatter; very 
little ash 


Cow-dung 
bombs and 
spatter; very 
little ash 


Cow-dung 
bombs and 
spatter; very 
little ash 


Spherical to 
fusiform 
bombs; 
cinder; small 
to large 
amounts of 
glassy ash 

Essential, glassy 
to lithic, 
blocks and 
ash; pumice 


Like subplinian 


Glassy ash and 
pumice 


Glassy ash and 
pumice 


Juvenile, 
hydroclastic, 
accretionary 
lapilli, base 
surges 
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Structures built 
around vent 


Small spatter 
cones and 
ramparts of 
limited extent; 
broad lava 
plain 

Very broad flat 
lava cones 
(shields), which 
frequently 
coalesce, some 
spatter cones 

Shields; spatter 
cones and 
ramparts 


Cinder cones 


Ash cones, block 
cones, block- 
and-ash cones 


Ash and pumice 
cones; domes 


Widespread 
pumice, lapilli, 
and ash beds; 
generally no 
cones 

Flat plain, or 
broad flat 
shield, often 
with caldera 


Cones, tult cones 
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Table 3.1. (cont.) 
Physical 
nature of Character of Nature of effusive Nature of domi- Structures built 
Eruption type the magma_ explosive activity activity nant ejecta around vent 
Phreotoplinian Viscous Water plus Little or none Accretionary Widespread ash 
magma; lapilli deposits 
strongly 
explosive 
GAS ONLY 
Gas eruption No magma _ Continuous or None None; or very None 
rhythmic gas minor 
release at vent amounts of 
ash 
Fumarolic Nomagma Essentially None None; or rarely Generally none; 
nonexplosive; very minor rarely very 
weak to amounts of small ash cones 
moderately ash 
strong long- 
continued gas 
discharge 
Table 3.2. Factors governing the morphology of volcanic landforms (from Whitford-Stark, 1982) 


Planetary variables 


Gravity Viscosity 
Lithostatic pressure Temperature 
Atmospheric properties Density 
Surface/subsurface liquids Composition 
Planetary radius Volatiles 


Planetary composition Amount of solids 


Temperature 


Tuff, a volcanic ash deposit covering some 2,200 km”. 
Much of the ash was so hot when it was emplaced that it 
fused together, forming a volcanic rock called ignimbrite. 

High-viscosity lavas flow short distances from the vent 
(Fig. 3.9) in comparison to low-viscosity lavas and tend to 
accumulate as steep-sided masses, such as domes 
(Fig. 3.10). Low-viscosity lavas are very fluid and can 
flow long distances, forming broad edifices such as shield 
volcanoes (Fig. 3.11), which are often “fed” by lava 
channels (Fig. 3.12) and lava tubes (Fig. 3.13). 

Eruption characteristics constitute the third group of 
factors influencing volcano morphology. For example, 
low rates of effusion (small volumes of lava erupted per 
second) produce relatively short flows that tend to accu- 
mulate close to the vent (where magma reaches the sur- 
face), forming lava cones, whereas high rates of effusion 
form long flows that often produce lava plains. 


Magma properties controlling rheology 


Properties of eruption 


Eruption rate 
Eruption volume 
Eruption duration 
Vent characteristics 
Topography 
Ejection velocity 


Yield strength, shear strength 


3.3.3 Volcanic craters 


Volcanic craters of diameter larger than about 2 km are termed 
calderas, which can form by collapse, explosion, erosion, or 
a combination of these processes. Most calderas involve 
multiple eruptions, leading to nested or overlapping multiple 
vents (Fig. 3.14). Smaller (<1 km) collapse features, termed 
pit craters, commonly form in basaltic lavas and can form 
without associated eruptions. Still smaller craters include 
collapse depressions (Fig. 3.15) that form on basalt flows 
and the explosion pits seen on some silicic flows (Fig. 3.16). 

Phreatomagmatic explosions involve rising magma 
that encounters water (either surface or subsurface water 
or ice), forming maar craters (Fig. 3.17). Lava flows that 
cross water-soaked ground, swamps, or lakes can lead to the 
formation of pseudocraters, which are small cones of lava 
and cinders with summit craters (Fig. 3.18). These volcanic 
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Figure 3.8. Viscosities of common magma compositions at their 
typical eruption temperatures, showing increasing viscosities at 
lower temperatures and for increasing silica content ranging from 
komatiite (rocks with very high mafic content) to rhyolite (this figure 
was published in Encyclopedia of Volcanoes, ed. H. Sigurdsson, B. F. 
Houghton, S.R. McNutt, H. Rymer and J. Stix, in the article Physical 
properties of magma, by F. J. Spera, pp. 171-190, copyright Academic 
Press, 2000). 





Figure 3.10. Lava domes, as seen in this digital elevation image of 
Mt. Elden in northern Arizona, form from the extrusion of thick, 
pasty lavas that flow only short distances from their vents or from 
intrusion of magma. Although typical of silica-rich lavas, they can 
form in lavas of any composition, including (rarely) basalts. The 
highways (white lines) visible in this image indicate the general scale 
(courtesy of the US Geological Survey). 
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Figure 3.9. Glass Mountain is in the Medicine Lake highlands of 
northern California. It is composed of rhyolitic obsidian lava flows 
that drape amoeba-like over the topography. 





Figure 3.11. Mauna Loa shield volcano (left side on horizon) formed 
from the eruption of abundant basaltic lava flows; the volcano on 
the right is Mauna Kea, the summit of which is marked by numerous 
cinder cones, the reflecting mildly explosive eruptions which 
followed its primary shield-building phase (US Navy photograph 
0066, November 1954). 





Figure 3.12. Channels often form in basaltic and some andesitic flows, 
and transport lavas to the advancing flow front. Constructional levees, 
seen along these lava channels in Hawaii, are common. 





Figure 3.14. Calderas are volcanic features that result from explosions, 
collapse over magma chambers, erosion, or some combination of these 
processes. This view is of the caldera at the summit of Kilauea volcano 
in Hawaii; the area shown is about 3km by 5km. 
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Figure 3.13. Lava tubes are conduits that develop in some basalt 
flows, either within the body of the flow, or by channels that become 
roofed; in either case, lava tubes act as extensions of the vent, 
reducing cooling of the magma, and feeding the flow front. This 
aerial photograph shows a nearly completely collapsed lava tube 
indicated by the series of collapse holes on the left side of the image. 
The lava tube originated from the large (~500 m in diameter) circular 
pit crater and flowed toward the top of the image. 


features result from mild explosions generated locally by 
the interaction of the hot lava and water. The term “pseudo” 
(meaning false) simply refers to the fact that the features are 
not directly linked to a vent over a magma chamber. 
Figure 3.19 classifies common volcanoes and their rela- 
tion to some of the more important factors involved in vol- 
canic eruptions. Unfortunately, because data are so limited, 
the details of volcanic processes on other planets are poorly 
known. Nonetheless, to some extent, the styles of eruption 
can be inferred from the morphology of volcanic features. 


3.3.4 Intrusive structures 


Not all magma reaches the surface to produce volcanoes. 
Some magma intrudes crustal rocks, cools, crystallizes 
and may be exposed later through weathering and erosion. 
Frequently, these intrusive structures are more resistant to 
erosion than the host rock, and they stand out as topo- 
graphic features. Figure 3.20 shows Green Mountain in 
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Figure 3.16. An aerial photograph of part of Glass Mountain (see 
Fig. 3.9), showing small (5-10 m) explosion craters formed by the 
rapid release of volatiles from the viscous obsidian flows. 


Wyoming, a dome of sedimentary rocks pushed upward 
by an intrusion of magma. Figure 3.21 shows several 
intersecting ridges composed of cooled magma that 
intruded as vertical sheets termed dikes. 


3.4 Impact cratering 





Impact cratering involves the nearly instantaneous trans- 
fer of energy from an impacting object, called the bolide, 
to a target surface. Bolides can include meteoroids, aster- 
oids, and comets, which impact Earth at velocities of 5— 


3.4 Impact cratering 


Figure 3.15. Collapse depressions are craters 
typically less than 15m in diameter that can form 
on basalt flows as a result of lava draining from 
beneath a solid or partly solidified crust. This 
oblique aerial view shows collapse depressions 
formed on the Amboy lava flow in southern 
California. Similar-appearing depressions can 
form by inflation of active lavas surrounding a 
zone not encroached upon by the lava. 


40 km/s. Using the simple expression for kinetic energy of 
KE =0.5 mv’, in which m is the mass of the bolide and v is 
its velocity, an average nickel-iron meteoroid 30m in 
diameter traveling at 15km/s could transfer about 
1.7 x 10'° J of energy onto a planetary surface, the equiv- 
alent of exploding about four million tons of TNT! Such 
an impact is considered to have been responsible for the 
formation of Meteor Crater in northern Arizona (Fig. 2.4), 
in which more than 175 million tons of rock were exca- 
vated to leave a crater more than | km across and 200m 
deep. Unlike most geologic processes, impact events are 
of very short duration. For example, Meteor Crater prob- 
ably formed in about one minute. 


3.4.1 Impact cratering mechanics 


Much of our understanding of how impact cratering oper- 
ates has come from laboratory experiments in which the 
process could be studied under controlled conditions. 
From analyses of high-speed motion pictures and detailed 
analyses of cratered targets, Don Gault and his colleagues 
at the NASA-Ames Research Center derived the general 
sequence of the impact process (Fig. 3.22). First is the 
compression stage, 1n which the projectile contacts the 
target and penetrates the surface (Fig. 3.23), resulting in 
high-speed jetting of material outward from the zone of 
contact. At the same time, intense shock waves (Fig. 3.24) 
pass through both the target and the projectile. In this stage 
of the impact, shock pressures of several megabars are 
common, exceeding by three to four orders of magnitude 
the effective strength of common rocks. It is this high 
shock pressure that sets impact cratering apart from 
other geologic processes. Impacts result in intensely 
crushed and broken target material, some of which is so 
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Figure 3.18. Pseudocraters, such as these seen at Myvatn in northern 
Iceland, develop in lava flows that pass over swampy terrain, 
resulting in local mild explosions that form small cinder and spatter 
cones with summit depressions. 


severely shock-metamorphosed that rock can be melted 
and even vaporized. 

The next stage involves excavation of the crater as 
shock waves and attendant rarefaction (or decompression) 
waves set target material into motion. The material exca- 
vated from the crater, termed ejecta (Fig. 3.25), is dis- 
tributed radially as a blanket of fragmented debris 
(continuous ejecta), which, in turn, grades into zones of 
discontinuous ejecta and secondary craters, formed by 
the impact of ejecta boulders. A particularly important 
aspect of impact craters is the inversion of stratigraphy 
in the crater rm. As shown in Fig. 3.22, rock strata are 
overturned as part of the ejection processes. Moreover, the 
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Figure 3.17. Maar craters result from steam 
explosions as magma rises through water- 
saturated host rock, exemplified by the 1.3 km in 
diameter Crater Elegante, in the Pinnacate lava 
field of northern Mexico. 


material from the uppermost layers is thrown farthest from 
the crater. Thus, if one were to sample ejecta by making a 
traverse from its outermost extent to the crater rim, the 
samples would reflect progressively deeper (and hence 
older) rock layers. In this respect, impact craters represent 
a drill-hole with the “drill core” laid out on the surface as 
ejecta. 

The final stage includes various post-cratering modifi- 
cations not directly attributable to shock waves 
(Fig. 3.23). These include slumping of the crater walls, 
isostatic adjustments of the floor and rim, and erosion and 
infill of the crater. This stage may continue over long 
periods of time until the crater is eventually obliterated 
by gradation and other processes. 


3.4.2 Impact craters on Earth 


The morning of 30 June 1908 witnessed an unusual 
event in Siberia near the Tunguska River. A series of 
blasts knocked local reindeer herders off their feet, 
broke windows, and hurled one man from his porch. 
Seismometers recorded the events, while explosions 
and a fiery cloud were seen some 400km from the 
event. No one knew what had happened, and it was 
many months before an exploration party reached the 
area. When they arrived at the location identified by 
seismic records as ground zero, the party found that all 
of the trees had been flattened into a pattern radial to the 
blasts, except for a small clump of trees right at ground 
zero, which were still standing upright but had all the 
branches stripped away. 

The Tunguska event posed a problem that remains 
today. No crater was found, leading some wags to suggest 
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Figure 3.19. Classification of common volcanic landforms (italicized names), showing the relationships to the quantity of magma, magma 


composition, type of volcanic activity, and the nature of the vent. 





Figure 3.20. Green Mountain, Wyoming, is a dome formed by 
intrusion of magma into sedimentary rocks (US Department of 
Agriculture photograph BBU-29-78). 


the preposterous idea that Earth was hit by a black hole! A 
more probable explanation suggests that an asteroid or 
comet broke apart in the atmosphere, forming a shotgun- 
like blast that left neither a crater nor large remnants of the 
object itself. Tiny bits of meteoritic material have been 
recovered from some of the tree trunks, supporting this 
hypothesis. Current best estimates suggest that the 
Tunguska event resulted from an object 30-60m in 





Figure 3.21. These intersecting dikes in the Spanish Peaks area, 
Colorado, form ridges that stand higher than the now partly eroded 
rock (US Geological Survey CL-34—71). 


diameter, releasing energy equivalent to 10-15 megatons 
of TNT. The energy was released as a series of air-blasts, 
reflecting multiple objects generated by the breakup of the 
asteroid or comet, thus accounting for the multiple blasts 
observed in the town of Kirensk, some 400km from 
ground zero. 

Even to advocates of impact cratering, prior to 1930 
fewer than ten impact structures were acknowledged on 
Earth. In the early Space Age of the mid 1960s, the 
number had risen to only about 33, but, after intensive 
searches and establishment of criteria for the recognition 
of impact craters (Fig. 3.26; Table 3.3), by the early part 
of the twenty-first century nearly 180 craters and related 





Figure 3.22. Diagrams showing an impact into layered target 
materials, as derived from laboratory cratering experiments. Note 
that, as the crater expands, ejected material is folded over the rim, 
resulting in overturned stratigraphy of the layers, a characteristic 
distinctive of impact craters (courtesy of Don Gault). 


structures had been documented as resulting from impact 
processes, plus more than 100 sites of probable impacts. 
Compared with the heavily cratered surface of the 
Moon, 180 craters on Earth seems rather low. However, 
impact cratering involves chance collisions of planetary 
objects and, statistically, the longer a surface is exposed, 
the greater the likelihood that it will be struck by an 
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extraterrestrial object. Thus, we would expect to find 
impact craters mostly on older surfaces. Because much 
of Earth’s crust has been recycled by plate tectonics and 
modified by gradation, most impact craters on Earth have 
been destroyed or obliterated, in contrast to the airless and 
“waterless” Moon, where most of the early history is 
preserved in its ancient crust. Thus, to some degree, the 
number of craters seen on planetary surfaces provides 
clues as to the degree of surface evolution that the planet 
has experienced during its geologic history. 

Meteor Crater in northern Arizona (Fig. 2.4) is one of 
the best-preserved and most intensely studied impact 
craters on Earth. Research by Gene Shoemaker, Sue 
Kieffer, Dave Roddy, and others has shown that the 
crater formed about 50,000 years ago in flat-lying sedi- 
mentary rocks. Detailed field work and analyses of drill 
cores show that the rocks were highly deformed, with 
strata in the walls and rocks beneath the crater floor being 
severely fragmented. The minerals coesite and stisho- 
vite are high-pressure forms of quartz discovered at 
Meteor Crater. They form only by impact processes and 
are used as diagnostic criteria in the recognition of 
impact craters. 

Unlike many lunar craters of the same size, Meteor 
Crater is distinctly polygonal in plan view, demonstrating 
the importance that rock structure can exert on crater form. 
The strata surrounding Meteor Crater are jointed, which, 
at the time of impact, controlled the passage of shock 
waves and the excavation of the fragmented rocks, leading 
to the “square” outline of the crater. 

Gene Shoemaker predicted that an impact crater the size 
of Meteor Crater would occur every 50,000 to 100,000 
years on Earth. Although the uncertainties in this estimate 
are numerous, it gives some appreciation of the frequency 
of impact crater formation spread over geologic time. 
Analysis of the crater record on the Moon, which is 
much better documented than the record for Earth, 
shows that, while smaller impacts are much more fre- 
quent, there has been a general decay in the rate of crater- 
ing through time (Fig. 2.10). 

Eroded impact craters (Fig. 2.5) yield important clues 
about rock deformation from impact. For example, the 
Sierra Madera structure in Texas (Fig. 3.27) 1s estimated 
to represent a crater ~13 km in diameter that has been 
deeply eroded. Detailed mapping and reconstructions of 
the original position of the rocks show that the central 
zone was uplifted more than 1 km. Such an uplift prob- 
ably corresponds to the central uplift, or central peak, 
of many lunar craters (Fig. 3.25). Central uplifts are 
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observed only on craters larger than a few kilometers in 
diameter on Earth (there is no central uplift at Meteor 
Crater), and it appears that such features require a certain 
minimum impact energy to form. Although the causes of 
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Figure 3.23. The general sequence of events in an 
impact involves the initial contact of the bolide with 
the target, resulting in ejection of target material, 
vaporization of parts of both the target and the 
bolide, formation of the transient cavity, and the 
post-impact modifications, such as slumping of the 
crater walls and rebound of the crater floor (from 
French, 1998, after Gault et a/., 1968, reprinted with 
permission of the Lunar and Planetary Institute). 


central uplift are not well defined, they are generally 
considered to be the result of elastic rebound of the 
rocks immediately following the excavation of the crater 
bowl. 
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Figure 3.25. Lunar crater Euler (27 km in 
diameter), showing typical impact depression, 
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and secondary craters formed by blocks ejected 
from the primary crater (NASA AS 17-2923). 





Table 3.3. 


Criterion Characteristics 


Remote sensing 
Plan view 

patterns, or erosion 

Rim structure Inverted stratigraphy 


Central zone 


Distinctly circular; may be modified by slumping, tectonic 


Floor lower than surrounding plain; may contain central uplift 


3.4 Impact cratering 


Criteria for the recognition of impact craters (modified from Dence 1972) 


Reliability 


Fair, but can be attributed to 
other processes 

Definitive 

Fair, but can be attributed to 
other processes 


Geophysical 
observations 
Gravity Generally negative Supportive, but not 
anomaly conclusive 
Magnetic field Variable; may be distinct anomaly over melt rock Supportive, but not 
conclusive 
Seismic Generally lower in brecciated zones Supportive, but not 
velocities conclusive 
Ground 
observations 
Presence of Rare except in very young craters Definitive 
meteorites 
Shock Features such as high-pressure minerals, impact melt, planar Definitive 
metamorphism shock features, and shatter cones 
Brecciation Observed in ejecta, rim, and floor of craters May be attributed to other 





Centimeters 


Figure 3.26. Shatter cones formed in limestone at the Haughton 
impact structure, Canada, showing typical striations on the flanks of 
the cones, the apexes of which are oriented toward the point of 
impact (courtesy of R.A. F. Grieve). 


processes 


The 24km Ries Kessel impact structure in southern 
Germany provides insight into the mechanics of ejecta 
emplacement. Extensive mapping and drilling to obtain 
subsurface core samples have revealed the extent of the 
ejecta deposit and its properties. The ejecta is composed 
mostly of fragmented rock, or breccia, some of which was 
mixed with melted rock and volatiles as it was thrown 
from the transient cavity. This material rained down on the 
surrounding terrain, where it churned up and mixed with 
additional local rock. Then the entire mixture continued to 
slide outward a short distance and settled into its final 
resting place. 

Many other structures on Earth have yielded important 
data on the morphology of impact craters and the cratering 
process. For example, the Clearwater Lakes in Canada 
appear to be a double impact, while the Henbury Craters 
in Australia consist of at least 13 craters, probably reflect- 
ing multiple impacts from the breakup of an incoming 
bolide. 

The largest recognized impact structures on Earth 
include Sudbury in Ontario, Canada, and Vredefort in 
South Africa; both are about 140km in diameter, and 
they formed at 1.85 Ga and 1.97 Ga, respectively. The 
Popigai structure in Siberia is 100 km in diameter and 
involved an impact into limestones that show tiny 
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Figure 3.27. Cross-section through the eroded Sierra Madera impact structure, Texas, showing reconstruction of the structure based on drill- 
holes (indicated by the vertical lines) and evidence for a prominent central uplift, or peak (reprinted from Wilshire, H.G. and Howard, K.A., 
1968, Structural patterns in central uplifts of crypto explosive structures, as typified by Sierra Madera, Science, 162, 258-261). 





diamonds, apparently resulting from the high shock 
pressures. The largest impact found in the United 
States is the Chesapeake Bay structure at 85km in 
diameter and containing a central uplift some 38km 
across. Knowledge of this structure comes primarily 
from drilling and recovered core samples, along with 
geophysical data. This impact occurred at about 35.5 Ma 
in a shallow marine environment (Ma = mega-annum or 
10° years). 


Figure 3.28. A diagram showing the trajectories 
of ejecta as a function of gravity on Earth, the 
Moon, Mercury, Venus, and Mars for an impact of 
equal magnitude, all other factors being equal 
(courtesy of Peter Schultz). 


EARTH 


3.4.3 Impact craters and planetary environments 


The primary factors governing the size and shape of 
impact craters are the impact energy, gravity, and proper- 
ties of the target, as described by planetary scientist Jay 
Melosh (1989) of Purdue University. In general, the 
greater the energy (i.e., larger bolide mass, higher impact 
velocity), the larger the crater. Gravity affects the cratering 
process by influencing the dimensions of the excavation 





bowl, the extent of the ejecta, and various post-impact 
crater modifications. For equal-size impacts, blocks of 
ejecta can be lifted and excavated more easily on low- 
gravity planets, leading to larger craters in comparison 
with high-gravity environments. Furthermore, in low- 
gravity environments, ejecta is thrown a greater distance, 
as shown in Fig. 3.28. Thus, we would expect to see a 
wider (but thinner) zone of ejecta surrounding impact 
craters on the Moon than on higher-gravity planets such 
as Mars and Mercury. In the modification stages of impact 
cratering, gravity also plays a role by influencing the 
degree of slumping, perhaps governing the size of poten- 
tial central uplifts. 

Target properties influence crater morphology in all 
stages of the impact process. As noted for Meteor Crater, 
the structure of the rocks (such as joints) can control 
the planimetric form, or the outline of the crater. Impacts 
into soft sediments tend to be larger because less energy 1s 
needed to break up the rocks and more energy 1s available 
for excavation. Target rocks containing water tend to be 
fluidized in the impact process, leading to slurry-like 
ejecta deposits, as seen at the Ries Kessel in Germany 
and as proposed for many martian craters (Fig. 3.29). 

Impact craters show a distinctive progression in mor- 
phology with increasing size (Fig. 3.30). Small craters, 
such as Meteor Crater, are simple bowl-shaped depres- 
sions. Larger craters display central peaks and terraces on 





Figure 3.29. Many craters on Mars show distinctive flow-lobes that 
are generally considered to reflect impacts into water- or ice- 
saturated targets that formed slurry-like ejecta masses (NASA 
THEMIS mosaic). 


3.5  Gradation 


their inner walls, and at still larger sizes, clusters of central 
peaks. The largest impacts form multi-ringed basins. The 
size ranges for these morphologies are different among the 
planets, being controlled primarily as a function of gravity 
(Fig. 3.31). 

The shape of impact craters in plan view is partly 
controlled by the angle of the incoming projectile. 
Because impacts involve essentially point-source trans- 
fers of energy, both the crater and the distribution of ejecta 
for most impacts are concentrically symmetric about the 
point of impact. Although intuition might suggest that 
oblique angles of impact would cause elongate craters, 
experiments have shown that only for very low angles 
(<15°) above the surface do impact craters and ejecta 
become noticeably non-circular (Fig. 3.32). 


3.5 Gradation 





Gradation is a complex process that begins with weath- 
ering and erosion, continues with transport of the weath- 
ered debris, and ends with deposition of the material. 
Think of a road “grader” on a dirt track that cuts off the 
tops of bumps and fills in the ruts with the debris. Thus, 
gradation 1s a “leveling off’ process in which topograph- 
ically high areas are worn down by erosion and low areas 
are filled by deposition. 


3.5.1 Weathering 


Weathering is the first step in gradation; it 1s the process 
that “softens up” rocks, making them amenable to erosion, 
either through physical events or by chemical reactions. 
For example, rocks can be fragmented by impacts, broken 
to smaller pieces in a stream, or ground into dust by 
glaciers. On a much smaller scale, grains can be reduced 
in size by a variety of processes, including salt weathering, 
in which salt-laden water seeps into tiny cracks, and, as 
the salt crystallizes and expands, the grains are split into 
smaller fragments. 

Chemical weathering on Earth typically occurs through 
reactions with water and the atmosphere and includes 
oxidation (the combination of materials with oxygen, 
forming, for example, rust), hydration (the combination 
of minerals with water molecules), solution (in which 
materials are dissolved, commonly in water), and carbon- 
ation (a more complicated reaction involving carbon 
dioxide from the atmosphere and the formation of a 
weak acid that reacts with minerals). Carbonation is the 
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Figure 3.31. Depth-to-diameter ratios for impact craters on 
terrestrial planets (from Sharpton, 1994). 
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Figure 3.30. Images showing morphology of lunar craters as a 
function of size: (a) the simple bowl-shaped crater Isidorus D (15km 
in diameter), photographed by the Apollo 16 panoramic camera 
(NASA AS16—4502); bright streaks on the wall indicate downslope 
movement of fragmental material; (b) an Apollo 11 photograph 
(NASA AS11—44-6611) of the 93 km in diameter crater Daedalus on 
the lunar far side, showing typical terraced walls, a central mountain 
peak, and floor deposits; and (c) an oblique view from Lunar Orbiter 
IV (NASA LO IV M-180) of the Orientale basin; this classic multi-ring 
impact structure is some 930 km across. 





Figure 3.32. The ejecta from this small (~450 m), fresh impact crater is 
asymmetric, with the absence of ejecta on the west (left) side 
representing the incoming direction of a low-angle impact (NASA 
AS 15-9337). 


principal process involved in the formation of limestone 
caves. 

Space weathering occurs from the bombardment of 
planetary surfaces by energy from the Sun and deep 
space, such as cosmic rays. Being only “skin-deep,” this 
process 1s more important on airless bodies that are poorly 
shielded from bombardment. For example, the Apollo I] 
astronauts conducted an experiment to measure the solar 
wind (charged particles streaming from the Sun) impact- 
ing the Moon by exposing a sheet of gold foil on the 
surface, which was returned to Earth at the end of 
the mission and analyzed. Results enabled the flux of the 
charged particles from the Sun to be quantified. 

Although space weathering 1s a relatively shallow surface 
process, it can have a big influence on the exposed rocks and 
minerals, altering their chemical and physical properties. 
For example, the molecular structure of ices (as on the 
outer Solar System satellites) and glasses can be altered, 
which can influence their signatures in remote sensing data. 

Cosmic rays, 1n addition to “zapping” minerals, can also 
be used for age-dating rocks, much like counting craters. 
“Zap” pits and traces of cosmic rays can be counted in 
mineral grains; from knowledge of the flux of cosmic rays, 
it is then possible to calculate the length of time that the 
specimen has been exposed on the surface. Of course, one 
must assume that the specimen has not been overturned in 
its history and that the flux has been constant through time. 
Despite these uncertainties, age determinations based on 
cosmic-ray abundances have been used to date some lunar 
samples, as well as some rocks on Earth, as on the rim of 
Meteor Crater, to help determine the age of the impact. 

Once material has been weathered, it 1s subject to ero- 
sion through various agents, such as wind and water. The 
driving force of these agents is primarily gravity. Through 
gravity, material 1s moved by mass wasting (such as 
landslides), flowing liquid water, ice (glaciers), or wind. 


3.5.2 Mass wasting 


Mass wasting is the downslope movement of rock and 
debris and is a universal geologic process. Even very 
small bodies, such as the asteroid Gaspra (Fig. 1.5), 
where gravity is only a tiny fraction that of the Earth, 
display downslope movement of surface material. 

Mass wasting is categorized on the basis of the rate of 
movement (“‘slow,” or imperceptible to an observer, and 
fast’), the types of material that are involved (rock, 
soil, etc.), and the water content. Water acts in several 
ways to enhance mass wasting: (a) films of water act as 
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Figure 3.33. A rock glacier on McCarthy creek, Copper River region, 
Alaska, showing flow-lobes into the valley. Rock glaciers consist of 
poorly sorted rocks and fine debris held together by ice (US 
Geological Survey photograph by F.H. Moffit). 


lubricants and can destroy the cohesion between par- 
ticles; (b) in many materials, particularly the clay min- 
erals, water enters the crystal structure, causing swelling 
and disrupting of the strength of the material; (c) water 
adds weight to the potential landslide and thus helps 
to “push” the mass of rock and soil down hill; and 
(d) fluid pore pressure can reduce the amount of energy 
necessary to initiate movement. Figure 3.33 shows a 
rock glacier, representing one form of mass wasting on 
Earth. 


3.5.3 Processes associated with the hydrologic 
cycle 


The hydrologic cycle defines the movement of water 
among the atmosphere, surface reservoirs, such as oceans, 
glaciers, streams, and groundwater systems (the term 
used for water beneath the surface). On Earth, water is a 
dominant geologic agent, and the hydrologic cycle figures 
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prominently in geomorphic processes. Particularly impor- 
tant are river and stream patterns because they provide 
clues as to the structure of the underlying rocks and 
characteristics of the topography (Fig. 3.34). 
Groundwater accumulates in fractures and the pore 
space of rocks and, rarely, as bodies of water in larger 
cavities. Groundwater can move laterally and emerge as 
springs where it intersects the surface. Erosion produced 
by groundwater dissolving certain rocks (typically lime- 
stones, rock salt, or gypsum) leads to caverns and a terrain 
termed karst topography. Depending upon the stage of 
evolution, karst topography may display only a few sink- 
holes (collapse pits), numerous sinkholes plus solution 
valleys (a collapsed drainage network), or highly eroded 





Dendritic. Horizontal sediments or Rectangular. Joints and/or faults 


uniformly resistant crystalline rocks. at right angles. Streams and 
Gentle regional slope at present, or 
at time of drainage inception. 


divides lack regional continuity. 





Radial. Volcanoes, domes, and 


Parallel. Moderate to steep slopes; 
residual erosion features. 


also in areas of parallel, elongate 
landforms. 





Annular. Structural domes and 
basins, diatreames, and possibly 
stocks. 


Trellis. Dipping or folded sedimen- 


tary, volcanic, or low-grade 
metasedimentary rocks; areas of 
parallel fractures. 


Figure 3.34. Diagrams showing basic stream patterns and relations 
to the eroded rocks (from Howard, 1967, reprinted by permission of 
the AAPG, whose permission is required for further use). 
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karst in which only pinnacles and spires remain as ero- 
sional remnants. 

Landforms with the imprint of former lakes, swamps, 
and oceans are highly diverse. Typically, these are sites of 
sedimentary deposition and, with the removal of water, 
leave flat, broad plains, typified by playas (dried lake 
beds). Shoreline processes may lead to features such as 
terraces (both erosional and depositional, which may 
reflect former shorelines), sea cliffs, and beaches. Except 
for some craters and canyons on Mars, which may have 
contained ponded water in the past, and the methane lakes 
on Titan, only Earth appears to display landforms associ- 
ated with large bodies of water. 


3.5.4 Aeolian processes 





Aeolian (wind) processes involve the interaction of the 
atmosphere with the surface. Most deserts, coastal areas, 
glacial plains, and many semi-arid regions on Earth expe- 
rience aeolian processes. An atmosphere in motion (wind) 
possesses energy, and, as the wind moves over a surface, 
some of that energy is transferred to the surface. If we 
were to measure the wind velocity at different heights 
above the surface, we would see that velocity decreases 
toward the surface, as a reflection of the surface friction. 
As shown in Fig. 3.35, the changing velocity profile 
defines the boundary layer, within which the air flow is 
turbulent. When plotted on a logarithmic scale, the boun- 
dary layer 1s a straight line, the slope of which 1s related to 
a parameter called the friction velocity. Although this 
term is commonly used to describe aeolian processes, it 
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Figure 3.35. A diagram plotting the wind velocity as a function of 
height above a planetary surface; the increase in velocity with height 
defines the boundary layer, within which the air movement is 
turbulent; the velocity decreases toward the surface as energy is 
transferred by friction along the surface. 
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is not a true velocity that one would measure but is a 
function of the boundary layer profile. 

As outlined in the classic work by the British army 
engineer Brigadier Bagnold (1941), wind “threshold” 
curves (Fig. 3.36) define the minimum wind speeds 
required to initiate movement of different particles and 
show that the particle size moved by the lowest speed 
wind is about 100 micrometers (um) in diameter, or fine 
sand. The ability of wind to attain threshold is a function 
primarily of atmospheric density. Thus, the very-low- 
density atmosphere on Mars (Table 1.1) requires wind 
speeds that are about an order of magnitude stronger than 
on Earth for particle motion, while relatively gentle winds 
can move grains in the dense atmosphere of Venus. Once 
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Figure 3.36. Wind friction velocities needed to set particles into 
motion (termed threshold wind speed) as a function of grain size. 
Friction velocity is not a true wind speed, but rather is a 
characterization of the wind velocity profile in the turbulent 
boundary layer near the surface. Note that the grain size moved 
by the lowest wind is about 100 micrometers in diameter (about 
the size of fine sand), regardless of planet. Values for Titan 

are offset because the grains are likely to be ice, rather than 
higher-density silicate minerals, such as quartz (from Greeley and 
Iversen, 1985). 





er 
= . 
in . 
ay . Tis - 
oy = 


SALTATION 


. . SUSPENSION 
(DUST) 


3.5 Gradation 


they have been set into motion (Fig. 3.37), wind transports 
sediments by suspension (mostly silt and clay particles, or 
“dust,” smaller than about 60 um in diameter), saltation 
(mostly sand-size particles, 60—2,000 um in diameter), 
and surface creep (particles larger than about 2,000 um 
in diameter). 

Winds can redistribute enormous quantities of sediment 
over planetary surfaces, resulting in the formation of land- 
forms large enough to be seen from orbit and deposition of 
windblown sediments that can be hundreds of meters 
thick. One of the most useful types of features for inter- 
preting wind processes 1s the dune, a depositional land- 
form (Fig. 3.38). Dunes form by sediment transport in 
saltation and signal the presence of sand-size particles. 
Both the planimetric shape and the cross-sectional profile 





of dunes can reflect the prevailing winds in a given area 
(Fig. 3.39). Thus, if certain dune shapes or slopes can be 
determined, local wind patterns can be inferred for the 
time of their formation. 

On Earth, great quantities of silt and clay are trans- 
ported in dust storms and eventually deposited as loess. 
However, even where they are relatively young and well 
exposed on the surface, loess deposits are nearly impos- 
sible to identify in remote sensing data. Yet, identification 
of such deposits could be very important in understanding 
planetary surfaces, especially on Mars. 

Wind erosional features include pits and hollows 
(called blowouts) that form by deflation (the removal of 
loose particles) and wind-sculpted hills called yardangs 
(Fig. 3.40). Yardangs have been likened to inverted boat 
hulls because of their streamlined shape, the orientation of 
which indicates the prevailing wind direction at the time 
of their formation. 

Observations of active dust storms, dust devils, and 
other aeolian features provide direct information on the 
atmosphere. For example, variable features are surface 


Figure 3.37. Common modes of transport of grains 
by the wind; saltation applies primarily to sand-size 
particles, which move in a series of short “hops;” 
suspension involves finer material such as dust, 
some of which can be ejected into the atmosphere 
by the impact of saltating grains; larger materials, 
such as granules and small gravels, move by surface 
creep, which can be enhanced by saltation impact. 
Windblown materials can abrade rocks, forming 
ventifacts (sand-blasted rocks), and can be broken 
into finer grains upon impact. 
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Figure 3.38. Sand dunes form from the accumulation of grains 
moved primarily in saltation. Stoss refers to the upwind side of 
dunes, while slipface refers to the downwind side of the dune 
formed by sands sliding into their angle of repose from the dune 


brink; the dune crest refers to the highest part of the dune. This view 


of two barchan dunes was obtained by E. C. Morris in the Sechura 
Desert of Peru (courtesy of US Geological Survey). 
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patterns that form as a result of wind activity and are 
visible as contrasts in albedo, or surface reflectivity. 
Repetitive imaging shows that many of them disappear, 
reappear, or change their size, shape, or position with 
time. Mapping the orientations of variable features has 
been used to derive near-surface wind patterns on Mars 
and Venus. 


3.5.5 Periglacial processes 


Periglacial refers to processes, conditions, areas, climate, 
and topographic features 1n cold regions or in any environ- 
ment where frost action is important. A review of 
the various environments in the Solar System shows 
that all planets and satellites except Venus experience 





Parabolic dunes 








Figure 3.39. Sand dunes are classified primarily on 
their shape, shown in these diagrams for common 
dunes on Earth; arrows indicate the prevailing 
wind directions responsible for their formation 


Reversing dunes (from McKee, 1979). 


temperatures below freezing. Water-ice exists on Mars, 1s 
a major constituent of most of the outer planet satellites, 
and is thought to be present in permanently shaded parts of 
the Moon and Mercury. 

Surface features on an icy or 1ce-rich body result largely 
from processes of flow and fracture. Although ice is often 
modeled as a Newtonian viscous fluid, experiments indi- 
cate that some ice can be considered a pseudo-plastic fluid 
that deforms by creep. In a Newtonian fluid, the rate of 
strain is linearly proportional to the applied stress, and the 
viscosity is the ratio of the strain to the stress raised to 
some power. Thus, as the stress level is increased, the 
material deforms more and more rapidly. The result 1s 
that ice appears to become less viscous at higher rates of 
strain. However, under very rapid strain rates, such as 
during an impact event, ice behaves more like brittle 
elastic material than a fluid. 


di 





Figure 3.40. Yardangs are wind-sculpted hills that resembled 
overturned boat hulls, reflecting their streamlined shape, 
exemplified by these features in Peru (US Geological Survey 
photograph by J. F. McCauley). 
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On Earth, precipitation of snow in the area of accumu- 
lation (the headward part of a glacier) forms a deposit that 
is about 20% ice and 80% air. Melting and refreezing, plus 
compaction, converts the snow to spherical ice particles 
called firn. As the firn accumulates, further compaction 
causes recrystallization to form the main ice mass, typ1- 
cally having less than 10% air. Glaciers are classified as 
valley glaciers or as piedmont glaciers (coalesced valley 
glaciers at the base of a mountain range), or as ice sheets 
(also called continental glaciers, or ice caps) if they are too 
large to be contained by valleys. All glaciers move down- 
slope or outward, leaving distinctive terrains. A “retreat- 
ing” glacier simply means that melting and ablation of ice 
exceed the rate of forward movement by the glacier. 

Most glaciers also incorporate rocky materials within 
the ice mass. This material can include dust and other 
airborne particles and chunks of rock gouged by the ice 





Figure 3.42. These ice-wedge polygons on the Alaska sea coast near 
Barrow are 7-15 m across and form by periglacial processes working 
on unconsolidated sediments (US Geological Survey photograph by 
R. 1. Lewellen). 


Figure 3.41. “U"-shaped valleys, such as Deadman 
Canyon shown here in Tulare County, California, 
are typical of erosion by glaciers (US Geological 
Survey photograph by F. E. Mathes). 


as it moves across a surface or from the accumulation of 
debris derived from valley walls. Surface material often 
coalesces into various moraines, which are linear depos- 
its. Some material carried by the ice eventually reaches 
the front of the glacier, where it can be deposited in situ 
or carried away by melt water. The finer material is often 
transported by the strong winds which are generated 





along ice margins. Coarser glacial deposits, termed 
drift, may assume a variety of geometries, which pro- 
vide clues as to the form and position of glaciers after the 
ice mass has retreated. On Earth, glaciers have effected 
extensive changes in the landscape. U-shaped valleys 
(Fig. 3.41), grooves, and striations parallel to the flow 
of ice, and amphitheater-shaped erosional cirques in the 
headward parts of valleys are indicative of glacial 
erosion. 

In periglacial zones (cold regions), solifluction pro- 
cesses arising from the slow downslope flow of water- 
saturated, unconsolidated materials can occur. Periglacial 
processes involve the erosion of rock or soil by snow and 
ice, frost action, and chemical weathering, leading to such 
features as permanently frozen ground (permafrost), pat- 
terned ground (Fig. 3.42), pingos (dome-shaped ice- 
cored mounds that can be 70m high and 600m across 
on Earth), and thermokarst (melt-eroded) topography. 
The occurrence of a periglacial region is not genetically 


Assignments 


1. Scan news media sources for the most recent accounts 
of active natural disasters and document one example 
for each of the four principal geologic processes that 
shape planetary surfaces. Write a few sentences about 
the event, identify the process involved, and provide 
the news media source. 


2. Explain why aeolian (wind) processes require stron- 
ger winds to move sand grains on Mars than on 
Venus. 


3. Go to NASA websites that contain planetary images 
and find examples of landforms beyond Earth for the 
four geologic processes that shape planetary surfaces. 
Print at least one image for each process (a total of four 
images); label the mission that obtained the image, 
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related to the proximity of glaciers or continental ice 
sheets, contrary to what is implied by its etymology. 





However, the presence of water is essential for most 
periglacial processes to occur. This broader definition 1s 
useful in that it allows us to consider the possible oper- 
ation of periglacial-type processes on the surfaces of other 
objects in the Solar System. 


3.6 Summary 


Planetary surfaces are shaped and modified by four prin- 
cipal processes: tectonism, volcanic activity, impacts, and 
gradation. Each of these processes produces distinctive 
landforms on Earth, where most of these processes have 
been studied in detail. One of the goals of planetary 
geology is to determine how these landforms might be 
different in extraterrestrial environments. 

Views of the Earth obtained from orbit show that, while 
some processes can be identified by remote sensing, 
others cannot, thus introducing uncertainties in the inter- 
pretations of images from other planets. Furthermore, 
with increased knowledge of the outer planet satellites, 
planetary geologists must assess the validity of applying 
Earth analogs to bodies composed mostly of ice and hav- 
ing markedly different environments. 


identify the planet and the process, and give a short 
description of the feature. 


4. Both impacts and volcanic eruptions can lead to the 


formation of craters. Discuss the fundamental differ- 
ences in how these two processes differ in the forma- 
tion of their respective craters. 


5. Planetary variables influence the morphology of vol- 
canoes; identify one such variable and explain how a 
volcano on the Moon might be different from a vol- 
cano on Venus, all other factors (such as magma 
composition and rate of eruption) being equal. 


6. Explain why so few impact craters are seen on Earth in 


comparison with the Moon. 


58 


CHAPTER 4 


Earth's Moon 


4.1 Introduction 


Throughout the history of humankind, other than the Sun, 
no other planetary object has held our attention as much as 
the Moon. The Moon figures prominently in mythology 
and literature, with notions of vampires and werewolves 
that were driven by the phases of the Moon. The very term 
“lunatic” derives from the idea that mentally unstable 
individuals are influenced by the Moon. Aside from 
these aspects, scientifically, the Moon holds much for 
study, especially in terms of planetary geomorphology. 
Even with the naked eye, we can see that its surface is 
not uniform. Some areas are dark and circular (the “eyes” 
of the Man in the Moon) and other areas are very bright. 
These characteristics led to the terms maria (Latin for 
seas) for the dark areas for their fanciful resemblance 
to water areas and terrae (Latin for land), or highlands, 
for the notion that there were continents surrounding 
the seas. 

At 3,476km, the diameter of the Moon is_ nearly 
the width of the United States; its surface area of 
3.79 x 10’km* is about the same as the land area of 
Africa and Australia combined. In many ways, the Earth— 
Moon system is unique 1n the Solar System, and, because 
the Moon is comparatively so large, some planetary scien- 
tists view Earth—Moon as a “binary” planet. As 1s true with 
many natural satellites, our Moon is locked in synchronous 
rotation in its orbit around Earth, meaning that it always 
shows the same “face,” termed the near side, toward Earth 
and hides the far side from direct viewing (Fig. 4.1). 
Librations, or “wobbles,” in the Moon’s movement enable 





slightly more than a hemisphere to be seen in both polar 
areas and on the eastern and western sides, or limbs, of 
the Moon. 

After more than four decades of analyses of lunar data 
returned from dozens of successful spacecraft (Table 4.1) 
and the return of nearly a half ton of samples from the 


Moon, today we recognize that the history of our closest 
planetary neighbor is inexorably linked to that of our 
home planet, Earth. 

For planetary geology, it is fortunate that the Moon was 
the first extraterrestrial object to be studied. Because the 
Moon lacks an atmosphere and appears never to have had 
liquid water flowing on its surface, the Moon 1s a rela- 
tively simple geologic object and serves as a training 
ground for studying the formation and evolution of plan- 
etary surfaces. 


4.2 Lunar exploration 


4.2.1 Pre-Apollo studies 


In the early 1600s, Galileo Galilei turned the newly 
invented telescope toward the heavens. Although his tele- 
scope was a simple tube with a couple of lenses, as we 
shall see later, he made remarkable discoveries that revo- 
lutionized ideas regarding the Solar System. It 1s, how- 
ever, surprising that his sketches of the Moon are rather 
crude (Fig. 4.2). Although Galileo showed the distinctive 
dark and light terrains as well as craters, his drawings do 
not seem to match well to specific surface features. 

Within a few decades of Galileo’s observations, 
improvements in telescopes resulted in maps of the 
Moon that are rather accurate (Fig. 4.3), portraying ter- 
rains and individual features in correct positions. Users 
of telescopic photographs of the Moon should be aware 
that the images are often inverted in relation to views 
with the naked eye and in reference to the geographic 
convention used today, in which north is in an “up” 
position. 

The craters observed on the Moon through telescopes 
stimulated a great deal of interest and today many of the 
ideas of lunar crater formation seem rather bizarre. For 
example, the famous English scientist Sir Robert Hooke 
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suggested that the craters were formed by gasses bubbling 
up from the interior and bursting on the surface, like a pot 
of boiling mush. Strange as this and some other ideas 
might seem, the study of lunar craters served as the initial 
steps in trying to understand the geology of extraterrestrial 
surfaces. Eventually, two competing ideas emerged for 
lunar craters, origins by impact and origins by volcanic 
processes. These and other hypotheses would not be put to 
rest until the Space Age. 

When President Kennedy set the goal of sending 
astronauts to the Moon and returning them safely to 
Earth through the Apollo program, the newly formed 
National Aeronautics and Space Administration formu- 
lated an extensive set of exploration projects to learn 
everything that would be needed in order to achieve 
this national goal. Early on, it was recognized that we 
knew very little about the characteristics of the Moon 
that were critical for a successful landing. Debates raged 
about the engineering properties of the surface, with 
some scientists advocating that landers would sink out 
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Figure 4.1. Full-disk charts of 
(a) the near side and (b) the far 
side of the Moon. Dark maria are 
smooth, sparsely cratered 
surfaces indicative of their 
relatively younger age in 
comparison with the heavily 
cratered, bright highlands, or 
terrae. In addition to selected 
named features, landing sites 
are shown (A, Apollo; 

S, Surveyor; L, Luna; R, Ranger). 


of sight in a deep layer of fluffy dust. To address these 
and other concerns, a series of robotic spacecraft was 
designed to collect much-needed engineering data. This 
was also the time of the “space race” with the Soviet 
Union. The Soviets also hoped to send men to the Moon 
but, unlike the Apollo program, they did not formally 
announce their goal, and it was only after the collapse of 
the Soviet Union that their program was officially 
revealed. Nonetheless, the Soviets had a highly success- 
ful series of unmanned missions to the Moon, returning 
data leading to many “firsts,” including views of the far 
side of the Moon from the Luna 3 spacecraft. These and 
later images showed that maria are mostly absent on the 
far side (Figs. 4.1(b) and 4.4). 

NASA’s unmanned missions involved three projects, 
Ranger, Surveyor, and Lunar Orbiter. Ranger spacecraft 
were designed to crash on the surface but, on the way 
down, to return a series of progressively higher-resolution 
images to give close-up views of the surface. Although not 
all of the missions were successful, Ranger images 
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showed a continuum of crater sizes right down to the 
moment of impact. They also included views of features 
that were correctly attributed to volcanism (Fig. 4.5), add- 
ing fuel to the debate regarding volcanism versus impact 
cratering as agents of lunar surface evolution. 

The Surveyor project involved “soft” landers (Fig. 4.6), 
five of which were successful. These missions demonstra- 
ted that the surface was sufficiently solid to support land- 
ers and provided engineering data for the lunar soils. They 
also returned compositional information showing a pre- 
dominance of iron-rich materials in mare regions, reflect- 
ing their basaltic lava composition, and revealed craters 
only tens of centimeters across. Surveyor landers also 
showed that the surface of the Moon is covered with 
debris of a wide range of sizes from boulders to fine 
dust. The term regolith was borrowed from terrestrial 
soil sciences and applied to this material, most of which 
is generated by impact processes. At about the same time, 
experiments using the impact facility at NASA’s Ames 
Research Center (Fig. 2.2) were conducted to gain some 


Figure 4.1. (cont.) 


idea of the amount of fragmental material that can result 
from impact. As shown in Fig. 4.7, even a pea-size object 
can yield abundant rock fragments when impacting at 
high speed. 

The Lunar Orbiter (LO) series consisted of five space- 
craft designed to return images for choosing Apollo land- 
ing sites. The primary payload consisted of a medium- 
resolution camera and a high-resolution camera that took 
frames nested within the medium-resolution frames at ten 
times higher resolution. The cameras used film systems 
that enabled on-board chemical processing, after which 
the film was scanned, and the data returned electronically 
to Earth for reconstruction. LO frames can be identified by 
the “strips” of images, reflecting the way in which the data 
were reconstructed (Fig. 2.20). 

The first three LO spacecraft were placed in equatorial 
orbits to photograph the surface at resolutions as high as 
2m on the lunar near side. These orbits were chosen 
because the Apollo landings would have to occur in the 
near-side equatorial band to allow communication with 
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Table 4.1. 
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Selected successful missions to the Moon that have returned data relevant to planetary geoscience 
(NASA, unless noted otherwise) 


First (indistinct) photos of far side of Moon 

4,300 High-resolution images with about 2,000 times better definition 
than Earth-based photography; impacted in Mare Cognitum 

First object to orbit Moon; measured lunar magnetism and radiation 
Soft landing in Oceanus Procellarum; transmitted 11,240 TV images 
Obtained 216 images, including 11 of the lunar far side. Medium- 
resolution pictures good, high-resolution smeared. 

First manned lunar landing; soft landing in Mare Tranquillitatis; 1,359 
photographs, 22 kg of samples returned 

Soft landing in western Mare Imbrium; Lunokhod | roving surface 


Soft landing in Apollonius Highlands; 30g of samples returned to Earth 
Soft landing in Taurus—Littrow Valley; 30 km (lunar rover) traverse; 
deployed scientific experiments; 5,807 photographs plus 4,710 
mapping photographs (from orbit); 111 kg of samples returned 

Soft landing in Mare Crisium; 160cm core sample returned 

Global mapping, altimetry, radar 

Global spectroscopy, magnetometry 


Global mapping (with relay satellites) 


Encounter 

Spacecraft date Mission Encounter characteristics 
Luna 3° Oct. 1959 Flyby 
Ranger 7 July 1964 Hard 

lander 
Luna 10° Apr. 1966 Orbiter 
Surveyor 1 June 1966 Lander 
Lunar Orbiter 1 Aug. 1966 Orbiter 
Apollo 11 July 1969 Lander 
Luna 17° Nov. 1970 Lander 

vehicle traversed 20 km 

Luna 20° Feb. 1972 Lander 
Apollo 17 Dec. 1972 Lander 
Luna 24° Aug. 1976 Lander 
Clementine Feb. 1994 Orbiter 
Lunar Prospector Jan. 1998 Orbiter 
SMART 1° Nov. 2003 Orbiter Imaging, spectroscopy 
Kaguya‘ Oct. 2007 Orbiter 
Chang’e 1° Nov. 2007 Orbiter Global mapping 
Chandrayaan* Nov. 2008 Orbiter Global mapping 
Lunar June 2009 Orbiter Global mapping 
Reconnaissance 
Orbiter 
LCROSS June 2009 Impactor Water detection 


* Soviet missions. 

2 European Space Agency. 

“Japan Aerospace Exploration Agency. 
China National Space Administration. 
“Indian Space Research Organization. 


Earth. LO I, IJ, and III were so successful that the two 
remaining orbiters (LO JV and V) were placed in polar 
orbits to collect data contributing to the general knowl- 
edge of the Moon and to photograph sites of geologic 
interest, such as the Copernicus crater (Fig. 4.8) and the 
Marius Hills (Fig. 4.9). 

Collectively, the NASA and Soviet unmanned missions 
returned an incredible wealth of engineering and scientific 
data, much of which remains a valuable resource today. 
This period of lunar exploration was particularly impor- 
tant for planetary geology because the techniques that are 
commonly used to study the Solar System were developed 
at this time. Analyses and interpretations of surface fea- 
tures, studies of geologic processes in an environment 
different from that of the Earth, and planetary geologic 





mapping all had their beginning in the 1960s and were 
tested through the Apollo Moon landings. 


4.2.2 The Apollo era 


Prior to the successful landing on the Moon by the Apollo 
11 astronauts, a series of pre-landing Apo//o missions was 
conducted to test critical engineering components of the 
spacecraft system. This included the Christmas Eve 1968 
trip around the Moon by the Apollo § crew without land- 
ing, which resulted in the famous image of “Earth-rise” 
(Fig. 4.10). 

Each of the six successful Apollo landings involved 
crews of three astronauts, two who went to the surface, 
and a third who remained 1n orbit in the command module. 
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Figure 4.4. An image of the lunar far side obtained by the Soviet 
spacecraft Zond 8, showing the general lack of mare regions. Crater 
Aitken, near the middle of the image, is about 135 km in diameter 
and its floor is partly flooded with mare lavas. 


Figure 4.2. Sketches of the Moon prepared by Galileo Galilei and 
published in 1610. 
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Figure 4.3. A map of the Moon prepared by Johannes 
Hevelius in 1647; improvements in the telescope enabled 
fairly accurate portrayal of surface features. Overlapping 
disks show that more than half of the Moon can be seen 
from Earth due to the Moon's libration. 
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Figure 4.5. (a) An Apollo 16 photograph of Alphonsus crater 

(~125 km in diameter) showing the same features as seen earlier 
from Ranger IX (shown in part (b)), as well as other, similar features. 
The dark haloes are considered to be pyroclastic deposits (NASA AS 
2478). (b) A Ranger IX image (Frame B-75) of part of the floor of 
Alphonsus crater moments before impact of the spacecraft, showing 
elongate, dark-halo volcanic craters associated with fractures. 


A total of 382 kg of lunar samples was returned to Earth, 
more than half of which remains untouched, awaiting new 
analytical techniques. This means that substantial samples 
are still available for study by scientists around the world. In 
addition to the return of samples, diverse other Apollo 
experiments were conducted, including establishing a seis- 
mometer network, measurements of the remnant magnetic 
field, and remote sensing of the surface from orbit. 
Apollos 11 and 12, while returning new critical data, were 
geared primarily toward engineering tests and involved land- 
ings in relatively smooth mare sites. As the Apollo series 
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Figure 4.6. Apollo 12 astronaut Pete Conrad examined the Surveyor 
3 television camera, as shown in this photograph taken by astronaut 
Al Bean. The Surveyor camera and the scoop were returned to Earth 
for analysis (NASA AS 12-48-7133). 


progressed, the time spent on the Moon and the array of 
scientific investigations increased. The next Apollo mission 
was slated for a more complex highland site but, as well 
documented by the movie of the same name, Apollo 13 
experienced an explosion on the way to the Moon, and it 
was only through the heroic work of the astronauts and the 
ground crew that disaster was averted. The scientific goals of 
the Apollo 13 mission, which were to study and sample 
deposits associated with the formation of the Imbrium 
impact basin (Fig. 4.11), carried over to Apollo 14. 

The payloads and goals for the last three Apollo mis- 
sions (/5, /6, and /7) were substantially enhanced with 
the addition of roving vehicles, giving the astronauts 
mobility to carry out longer traverses (Fig. 4.12) and to 
sample more diverse terrains. 

In parallel with the Apollo program, the Soviet Union 
continued a series of highly successful unmanned lunar 
missions, including the first use of robotic roving vehicles 
(Fig. 4.13) and the autonomous return of samples to Earth 
from three sites on the Moon, including core samples. 
Although the total mass of their returned samples was 
small, they provided critical data on lunar regions to 
complement those visited by the Apollo astronauts 
(Fig. 4.1). 

With the return of the Apollo 1] samples and the initial 
results which they revealed, NASA organized the first of 
what would become the premier scientific meeting for 
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planetary geoscience, the Lunar (and Planetary) Science 
Conference (LPSC), held in Houston, Texas. The purpose 
of the first meeting, held in 1970, was for the science teams 
working on the Apollo samples to share their findings with 
each other and the public. In subsequent years, the confer- 
ence was expanded to include all solid-surface planetary 
objects. Among the many surprises revealed in the Apollo 
11 samples were the great ages of the mare basalts. 
Although they had been considered to be geologically 
young because of the paucity of superposed impact craters, 
the lavas were found to exceed 3 Ga in age. However, it 
should also be noted that, well before the return of samples, 
planetary scientist Bill Hartman had predicted an age of 3.6 
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8.00-22 mm 
(large spalls) 





1.41-2.00 mm 





0.350-0.500 mm ; 
Figure 4.7. Photographs 


showing rock fragments, 
sorted by size, that 
resulted from a single 
impact by a small ball- 
bearing projectile into a 
block of solid basalt 
(courtesy of Don Gault, 
NASA-Ames Research 
Center). 





0.088-0.125 mm 


Ga for lunar mare regions on the basis of his crater counts 
and estimates of the rate of impacts. 


4.2.3 Post-Apollo exploration 


Following the successes of Apollo and the Soviet programs 
(and the brief flyby of Mariner 10 in 1973 on the way to 
Mercury), analysis of lunar samples and other data contin- 
ued, and the understanding of the Moon began to mature, 
including the formulation of the now widely accepted 
hypothesis of its origin. However, it would be more than 
14 years until the next spacecraft would encounter the 
Moon. Although not designed or intended to collect data 
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for the Moon, the Galileo spacecraft bound for Jupiter was 
sent on a trajectory that carried 1t past the Moon in 1990 and 
1992, providing the first new data from modern (at the 
time!) instruments, including a near-infrared (NIR) multi- 
spectral imager. The first flyby provided views of the lunar 
far side and the Orientale basin (Fig. 4.14), while the second 
pass flew over the North Polar region. Galileo CCD images 
and NIR data revealed the presence of ancient, thinly man- 
tled lava flows, which planetary geologists Jim Head and 
Lionel Wilson termed cryptomaria, showing that volcan- 
ism was more extensive than previously thought. This con- 
cept built on the recognition of dark-halo craters seen on 
earlier images and interpreted as representing small impacts 
that penetrated through mantles to excavate underlying, 
darker basaltic lavas (Fig. 4.15). 


Figure 4.8. (a) A Lunar Orbiter photograph (LO IV M-126) showing 
Copernicus crater (A), Eratosthenes crater (B), and Archimedes crater 
(C). Copernicus is 107 km in diameter and is one of the youngest large 
impacts on the Moon, serving as the type locality for the 
stratigraphic Copernican System. (b) An oblique Apollo 17 view 
(NASA AS 17-2444) of Copernicus Crater (on the horizon); the crater 
in the middle foreground is the 20 km in diameter Pytheas crater. 
Small clusters and aligned craters (indicated by arrows) are 
secondaries, forming V-shaped (or herringbone) patterns that point 
back to their source, Copernicus. (c) An oblique Lunar Orbiter I! 
photograph (NASA LO II H-162) of Copernicus Crater’s central peak 
(mountains rising > 300 m in the middle foreground) and the 
terraced northern wall of the crater. 


In 1990, Japan launched the Hiten spacecratt (also called 
Muses-A), which was primarily to test various engineering 
concepts, including the release of a small orbiter around the 
Moon, which failed. After a series of tests, including of the 
concept of aerobraking using Earth’s atmosphere, Hiten 
was placed in lunar orbit in 1991. The only science experi- 
ment on board was the Munich Dust Counter, provided by 
Germany, to measure cosmic dust between the Earth and 
the Moon. Results showed that some dust particles traveled 
at speeds of nearly 100 km/s, suggesting that they came 
from beyond the Solar System. 

In January 1994, the Clementine spacecraft was 
launched and placed in orbit around the Moon. This 
mission was a joint Department of Defense and NASA 
project that carried a scientific payload that included an 





Figure 4.9. The Marius Hills in Oceanus Procellarum, seen in this 
Lunar Orbiter V photograph, is a prominent volcanic region that 
includes sinuous rilles and volcanic domes; the area shown is 75 km 
by 85 km (NASA LO VM-214). 
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Figure 4.11. The Fra Mauro Formation consists of ejecta deposits 
(rugged terrain, upper half of image) from the Imbrium basin, the 
rim of which is visible in the upper left. This formation marks the base 
of the Imbrium System and is one of the principal stratigraphic 
horizons on the lunar surface. The area shown is about 325 km by 
250 km (NASA LO IVH-109). 
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Figure 4.10. A view of “Earthrise” over the Moon obtained by the 
Apollo 8 crew in their historic journey around the Moon in December 
1968; this mission was a precursor to the Apollo landings as a test of 
the flight system (NASA AS 8-14-2383). 





Figure 4.12. Apollos 15, 16, and 77 each were equipped with lunar 
rovers in which astronauts could travel many kilometers from the 
lander to carry out scientific investigations and collect diverse samples. 
This view is from Apollo 15, showing astronaut Jim Irwin with the 
mountain Hadley Delta in the background (NASA AS 15-82-11121). 





Figure 4.13. The Soviet Lunokhod 7 was the first robotic rover 
used in planetary exploration. It was carried to the Moon by Luna 
17 and then traveled more than 10 km across the western Mare 
Imbrium. 





Figured 4.14. A Galileo image of the lunar far side, showing the 
Orientale basin (center), Oceanus Procellarum (upper right), and part 
of the South Pole—Aiken basin (lower left), obtained by the flyby of 
the spacecraft in 1990 (NASA PIA00077). 


ultraviolet—visible CCD camera, a near-infrared camera, 
a long-wavelength infrared camera, a laser altimeter, a 
radar system, and a high-resolution imager. Placed in a 
slightly inclined polar orbit, the remote sensing data 
provided the first near-global multispectral data for the 
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(b) Formation of crust and early impact cratering 





Extrusion of mare basalt 





Emplacement of highland material as a result of Orientale event 





Figure 4.15. (a) Dark-halo craters, as seen here in the Orientale 
basin, are impacts that penetrate through thin mantles of high- 
albedo material into underlying darker material, which is 
excavated as ejecta; these craters are ~600 m in diameter (NASA LO 
IV 195-H2). (b) The diagrams illustrate how dark-halo craters can 
be used to infer the presence of buried mare deposits (courtesy of 
B. Ray Hawke). 


Moon and showed that the surface compositions are 
much more diverse than had been revealed by previous 
missions, reflecting the complex evolution of the Moon. 
The Clementine team also wished to test the hypothesis 
that ice 1s present in some areas of the Moon. The con- 
cept is that parts of some polar craters are permanently 
shaded, precluding solar heating. On the assumption that 
cometary impacts would implant ice in these areas, over 
several billion years of lunar history substantial ice could 
accumulate and be preserved. The Clementine radar 
system was focused on some of these areas with the 


reflected beams picked up by the Earth-based radar 
observatory in Puerto Rico. Although the results were 
not definitive, the radar signature gave hints that ice 
could be present. 

The Lunar Prospector mission was the first of the 
scientist Principal Investigator-led projects in NASA’s 
Discovery Program. Carrying a payload that included a 
gamma-ray spectrometer, a neutron spectrometer, and a 
magnetotmeter and launched 1n 1998, this mission had the 
primary objectives of searching for traces of water, map- 
ping surface compositions, and characterizing the signa- 
tures of magnetic fields preserved in the rocks. Initial 
results from the neutron spectrometer revealed hydrogen 
in some areas, which was interpreted to be due to water- 
ice contained within the regolith. At the end of the mis- 
sion, it was decided to crash the spacecraft into the south 
polar highlands and observe the impact from Earth in 
the hope of detecting released water vapor. Although the 
results were negative, it is generally thought that the 
impact energy was insufficient to release significant vola- 
tiles and that the Earth-based telescopic resolution was too 
low for their detection. 

In the fall of 2003, the European Space Agency 
launched the SMART-1 (Small Missions for Advanced 
Research in Technology) spacecraft to the Moon. 
Although, as the name implies, this was primarily an 
engineering mission to test solar-electric propulsion and 
a set of small instruments, part of the payload included an 
imaging system and spectrometers to collect scientific 
information for the lunar surface. The mission was an 
engineering success and returned new data, including 
excellent images, such as those of the poorly understood 
Reiner Gamma Formation (Fig. 4.16) on the western near 
side of the Moon. This bright swirling pattern has been a 
matter of controversy for decades, with ideas including 
the possibility that transient magnetic fields generated by 
impacts caused sorting and redistribution of fine lunar 
dust. The feature had been imaged previously and planet- 
ologist Peter Schultz suggested that a low-density comet 
impacted the area at a low angle, with the debris mixing 
with local lunar surface materials. 

The SMART-/ mission ended with its planned crash on 
the near side in September 2006. The light flash generated 
by the impact was recorded at various Earth-based observ- 
atories with the hope of detecting water vapor but, again, 
the results were inconclusive. 

The early part of the twenty-first century saw renewed 
interest in the Moon, with many nations entering the “deep 
space club.” Following the successes of previous missions, 
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Figure 4.16. The swirling bright pattern seen in the lower half of this 
SMART-1 image is part of the Reiner Gamma Formation in Oceanus 
Procellarum. This pattern could represent the impact of a comet, with 
the debris altering the lunar surface soils, as suggested by Pete 
Schultz, Patrick Pinet, and others. The area shown is about 30 km by 
60 km (ESA SMART-1 image SEMWQCVNFGLE). 


Japan, China, India, and other nations began plans for 
robotic exploration of the Moon. Launched 1n 2007 by the 
Japan Aerospace Exploration Agency (JAXA), the Kaguya 
(also referred to as SELENE in earlier years) spacecraft 
carried 14 instruments into orbit, including an imaging 
system (Fig. 4.17), and began returning data in October of 
that year. The mission also included two sub-satellites to 
enable communication from the lunar far side; careful 
tracking of the three craft enabled the generation of precise 
gravity maps. A radar sounder system provided subsurface 
profiling to detect the boundary between mare lava flows 
and the underlying regolith. The Kaguya mission came to 
an end in June 2009 with the intended crash on the 
Moon. The year 2007 also saw the launch of the Chinese 
Chang’e I orbiter, which began returning images from its 
200 km orbit in late 2007 (Fig. 4.18). This mission was 
primarily for engineering purposes and for collecting 
images for subsequent landed missions to the Moon. It, 
too, ended with a planned crash on the Moon in March 
2009. 

India’s entry to lunar exploration was marked with the 
launch of Chandayaan-I in October 2008. This mission 
had both engineering and scientific objectives, and carried 
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Figure 4.17. An oblique view across the lunar 
north polar cratered terrain obtained by the 
Japanese Kaguya spacecraft. The smoothly 
rounded appearance of the terrain results from 
repeated bombardment by impacts of a wide 
range of sizes, reflecting the effectiveness of 
impact as an agent of surface modification by the 
erosion of high-standing areas, such as crater rims, 
OJAXA/NHI and filling-in of low areas, such as crater floors 
(© Japan Aerospace Exploration Agency [JAXA)). 





11 instruments that included contributions from NASA, 
such as the Moon Mineralogy Mapper for which Carlé 
Pieters of Brown University was the PI. The spacecraft 
also carried the Moon Impact Probe, which was released 
to crash into Shackleton Crater in the south polar region to 
provide signs of water. The mission was ended in August 
2009 when various components failed to operate, prob- 
ably due to overheating when the spacecraft was in full 
sunlight. 

NASA’s return to the Moon in the twenty-first century 
began with the launch of the Lunar Reconnaissance Orbiter 
(LRO) in June 2009. Although its primary goal is to return 
detailed information to support ambitious human landings, 
its payload 1s yielding a wealth of data of direct scientific 
interest, including altimetry, remote sensing data, and high- 
resolution images under the direction of Mark Robinson at 
Arizona State University. In addition to mapping the Moon, 
NASA’s lunar missions included LCROSS (Lunar Crater 
Observation and Sensing Satellite), which used cameras 
and spectrometers to watch the impact of its upper stage 
in the south polar region. The resulting crater was 28m 
across, and the impact formed an ejecta plume in which 
clear evidence of water was revealed. 

In the past decade, there has been a growing body of 
evidence that substantial amounts of water are present on 
the Moon. Many of the recent lunar missions involved 
crashing objects onto the surface to observe the resulting 
impact ejecta to detect signatures of water, while instru- 
ments on orbiters have been used to map the presence of 
hydrogen and hydroxyls as surrogates for water. Global 
Figure 4.18. One of the first image mosaics produced from mapping from Chandraayan-1 shows that such signatures 


Chang’e 7, China’s lunar orbiter, which began operation in late 2007. increase toward the poles, as expected for water implanted 


The area shown covers mostly highlands of the south polar region ibe. comers ante. penmanente shadowed. chateec: ‘Bui 
and includes part of Mare Australe (upper right). This mosaic consists ¥ P y ° : 


of 19 images of resolution about 120 m per pixel. in addition, occurrences elsewhere suggest chemical 





reactions of the solar wind with lunar minerals to form 
water-bearing materials. 

In addition to the search for water on the Moon, atten- 
tion 1s also being given to characterizing the lunar interior. 
In 2011, two small spacecraft that completed objectives to 





study space weathering and solar processes were reposi- 
tioned to collect geophysical data for the Moon. The 
mission, termed ARTEMIS (Acceleration, Reconnection, 
Turbulence of the Moons 
Interaction with the Sun), places the spacecraft in orbit 
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RTG (radioisotope thermoelectric generator) power sources 
that enabled longer lifetimes. In addition, Apollos 14, 16, 
and /7 involved active experiments in which small explo- 
sive charges were detonated to generate seismic events in 
order to assess shallow subsurface structure. 

The natural seismic events on the Moon are rather 
different from those seen on Earth. Typically, they register 
less than 3 on the Richter scale, and, although more than 
3,000 events were seen each year, the total annual energy 
was less than 2x 10'° ergs, compared with the annual 








around the Moon, coming as close as 100 km above the 
surface, and will operate for seven to ten years. In parallel, 
the Gravity Recovery and Interior Laboratory (GRAIL) 
mission was launched in 2011. It involves two spacecraft 
in near-circular polar orbits that are mapping the detailed 
gravity of the Moon to determine the structure of the crust 
and lithosphere, as well as to gain insight into the deep 
interior. GRAIL is a Discovery project led by MIT geo- 
physicist Maria Zuber. 


4.3 Interior characteristics 


Information on the interior of the Moon 1s derived primarily 
from the Apollo network of seismometers, gravity measure- 
ments, considerations of the Moon’s weak magnetic field, 
and other geophysical data. Each of the six Apollo landings 
included placement of seismometers on the surface. The 
Apollo II station used solar-powered batteries and was of 
limited duration, whereas Apollos 12 and /4 through /7 used 
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energy released on Earth by earthquakes of 10°*-10°° 
ergs. Thus, the total annual energy generated from “moon- 
quakes” is equivalent to only about 500 grams of TNT, or 
slightly more than the detonation of about one pound of 
explosives. 
Moonquakes generate signals that have been 
described as “ringing,” in which the magnitude is low 
but of long duration. Except for seismic events from 
impacts, natural moonquakes tend to occur in the same 
areas on the Moon and are considered to result from 
stresses generated by tidal interactions with Earth. 
High-frequency teleseisms are shallow moonquakes 
that manifest releases of energy in the lunar crust. 
Recent applications of array-processing techniques by 
Renee Weber et al. (2011) to the Apollo data suggest that 
the Moon has a solid inner and a fluid outer core overlain 
by a zone of partial melt and a thick mantle (Fig. 4.19). 
Although there is very little information on the Moon’s 
core, the overall density of the Moon (Table 1.2) sug- 
gests that it 1s depleted in iron in comparison with the 








90 km 
Figure 4.19. The interior configuration of the Moon 
(not to scale), based on geophysical data and models; 
anorthositic rocks compose a crust ranging in 
thickness from 90 km on the far side to 40-50 km on 
the near side, with relatively thin mare deposits 
primarily on the near side; the greatest mass is in the 
mantle, with shallow moonquakes (high-frequency 
teleseisms) occurring near the crust-mantle boundary 
and deep moonquakes near the lower mantle 
boundary; the zone of partial melt has a radius of 
~480 km, while the outer fluid core has a radius of 
~330 km; the inner solid core has a radius of ~240 km. 
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other terrestrial planets. It must be remembered that the 
Apollo network was located in the low-latitude, near- 
side band dictated by the constraints of the landing sites 
and was not ideal. Refinements to the model of the lunar 
interior must await new measurements obtained from 
better-sited stations. 

One of the unexpected benefits of the Lunar Orbiter 





missions came from careful tracking of the spacecraft in 
their orbits around the Moon. It was found that in some 
places the spacecraft dipped closer to the surface and 
speeded up, while in other places the spacecraft rose in 
altitude and slowed down. Although such changes in orbit 
were small (changes in velocity as small as 1 mm/s could 
be detected), by applying the laws of physics to these 
motions, it was inferred that some locations on the 
Moon consist of higher-density materials, causing the 
spacecraft to be gravitationally accelerated, or “pulled,” 
toward them. These areas were dubbed mascons (short for 
mass concentrations) for positive gravity anomalies. 
Negative gravity anomalies were identified over areas 
where the spacecraft rose 1n altitude. 

When later compared with terrains and geologic maps, 
most mascons were found to correlate with circular 
patches of maria in lunar impact basins, such as 
Imbrium, Serenitatis, and Crisium, as well as mare depos- 
its in some smaller craters. They also occur 1n association 
with some large mountain ranges around basins, as well as 
in the volcanic Marius Hills (Fig. 4.9). Initially, it was 
thought that mascons reflected buried impact projectiles, 
but it was realized that bolides are generally fragmented 
upon impact and mostly disbursed with the eyecta. High- 
resolution gravity data from the Kaguya mission support 
the earlier idea that mascons result from a combination of 
mare flooding (perhaps accompanied by high-density iron 
and titanium oxide minerals that settled to the bottom of 
flood-lava lakes) and uplift of high-density mantle mate- 





rial following the impact. As described by Namiki et al. 
(2009), gravity data indicate that the basins on the lunar 
far side are supported by a rigid lithosphere, whereas the 
near-side basins deformed during the eruption and 
emplacement of the mare lavas. 

One of the early discoveries of the pre-Apollo landings 
was the existence of a very weak magnetic field. 
Subsequent measurements both from orbit and from the 
surface showed that the field 1s not uniform on the Moon. 
The source of the magnetic signature remains debatable, 
but some suggest that it was somehow imposed externally 
by the Earth or the Sun or that it represents an ancient 
intrinsic field from a time when the Moon’s interior was 
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sufficiently molten to enable the operation of a dynamo 
similar to that responsible for Earth’s magnetic field. 
Others have noted that many of the circular basins show 
stronger magnetic signatures and have suggested that 
massive impacts can generate local magnetic fields. This 
idea is at least partly supported by laboratory impact 
experiments by Pete Schultz that have recorded slight 
transient magnetic fields. 

On Earth, measurements of the amount of heat reaching 
the surface from the interior provide important insight into 
the interior of our planet. Such measurements were 
attempted on Apollos 15, 16, and /7. Unfortunately, 
when the heat-flow experiment was deployed on Apollo 
16, an astronaut tripped over the wire and disconnected it 
from the main station. It probably did not matter, however, 
as the results from Apollos 15 and 17 are now generally 
regarded as inconclusive. Heat-flow experiments require 
deployment into the subsurface (the deeper, the better) and 
sufficient time for the surrounding rock and soil to stabi- 
lize thermally, after the disturbances caused by their 





emplacement. The Apollo experiments were placed 
<3 m below the surface and did not record for a sufficient 
length of time for thermal stabilization. 


4.4 Surface composition 


Information on the composition of the lunar surface comes 
from in situ measurements made from unmanned landers, 
remote sensing from orbiters and Earth-based observato- 
ries, samples returned to Earth from the Apollo and Soviet 
missions, and from dozens of meteorites considered to 
have been blasted from the Moon by impacts and sent 
on trajectories to Earth. 

NASA’s Surveyor landers revealed iron-rich (mafic) 
compositions for the mare deposits, which, when com- 
bined with images of features suggestive of flows, were 
correctly identified as basaltic lavas. The spectral signa- 
tures of the titantum-rich lavas of Apollo 11 were later 
mapped in remote sensing data and extrapolated to other 
parts of the Moon, but they were found to be relatively 
restricted in distribution in comparison with most of the 
mare basalts. In fact, Paul Spudis of the Lunar and 
Planetary Institute has noted that the basalts in the 
returned samples (Fig. 4.20(a)) represent only about 
one-third of the total number of varieties of mare basalts 
suggested in the Clementine data. 

The so-called “genesis” highland rock from the Apollo 15 
site was found to be nearly pure anorthosite (Fig. 4.20(b)), 
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Figure 4.20. (a) Vesicular mare basalt collected by the Apollo 15 astronauts at the Hadley Rille site (Sample 15016, about 15cm wide; 

NASA S71-46632). (b) A view of the “genesis rock,” a sample of anorthosite collected at the Apollo 715 site (sample 15415; NASA 571-42951). 
(c) Ascanning electron micrograph of a composite volcanic orange glass droplet from Apollo 17 (from McKay et al/., 1991). (d) Lunar 

breccia from the Apollo 16 landing site (Sample 67015; NASA 72-37216). 


an igneous rock composed of plagioclase feldspar. Similar 
occurrences were found at highland sites, such as Apollo 14. 
Extension of these “ground-truth” sites to the global 
Clementine maps shows that most of the highlands on the 
near side and far side are composed of anorthosite. Dated at 
4.2 Ga, anorthosite represents much of the ancient lunar crust 
and is considered to have formed from the cooling of a 
massive “magma ocean” that covered the Moon to a depth 
of more than 100 km early in its history. In this model, the 
lower-density feldspar crystals rose toward the surface of the 
ocean to form a crust, while the denser olivine and pyroxene 
crystals sank to a lower level and served as the source for 
later-stage eruptions of basalt. 


One of the discoveries in the lunar samples is the wide- 
spread occurrence of a chemical group of incompatible 
elements, termed KREEP (K for potassium, REE for rare- 
earth elements, and P for phosphorus). The age of KREEP 
is uniformly found to be 4.35 Ga and is considered to 
reflect the crystallization of the lunar magma ocean. 

In addition to mare basalts and anorthositic crustal 
materials, dark mantle deposits (Figs. 2.8 and 4.21) are 
seen in many areas of the Moon, including the margins of 
the Serenitatis basin and the Apollo 17 landing site. Apollo 
17 samples collected by geologist-astronaut Harrison 
“Jack” Schmitt revealed that this material consists of 
orange glass beads that are coated with volatile elements 


such as sulfur and chlorine, which are indicative of vol- 
canic origins (Fig. 4.20(c)). Thus, dark mantle deposits 
were probably produced from pyroclastic eruptions sim- 
ilar to the fire-fountain eruptions seen 1n Hawaii. In the 
low-gravity, airless environment of the Moon, such erup- 
tions would have spread the pyroclastics over wide areas. 

In addition to basaltic maria, anorthositic highlands, 
and pyroclastic deposits, other surface materials include 
breccias and impact melts. Glassy beads in lunar soils and 
glasses incorporated in other samples reflect melted rocks 
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generated during impacts, some of which “splashed” onto 
the surrounding terrain (Fig. 4.22). Unlike the orange 
pyroclastic glass beads, impact melt materials lack the 
coatings of volatile elements. 

Breccias are composed of angular rock fragments, 
which, on the Moon, result primarily from impact pro- 
cesses that both break up and consolidate rocks 
(Fig. 4.20(d)). Many of the lunar samples show breccias 
within breccias, indicative of repeated breakup and con- 
solidation by multiple impact events. 





180 


Figure 4.21. Distribution of lunar pyroclastic deposits analyzed by Lisa Gaddis et a/. (2003), classified by areal extent on the basis of Clementine 
UV - VIS data (reprinted from /carus, 161, Gaddis, L. R. et a/., Compositional analyses of lunar pyroclastic deposits, 262-280, 2003, with 


permission from Elsevier). 





Figure 4.22. (a) A view of the central peak of 
Tycho from the Kaguya orbiter; Tycho is a very 
young, bright-rayed crater in the near-side 
southern hemisphere and has a diameter of 
85 km; as seen in this image, the crater floor 
surrounding the central peak is hummocky 
and fractured, considered to be fall-back melt 
deposits from the impact. (b) A high-resolution 
image from the Lunar Reconnaissance Orbiter 
camera showing melt deposits on Tycho’s floor 
and the direction of motion as the melt slid 
into place (NASA/GSFC/Arizona State 
University). 
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Figure 4.22. (cont.) 


4.5 Geomorphology 





The original two-fold classification of the lunar surface into 
smooth, dark maria and rugged, light highlands or terrae 1s 
still valid, but sub-units are now recognized, including 
terrains associated with impact basins, highlands plains, 
and various features on the maria. In addition, features 
associated with tectonic and gradation processes are seen 
throughout the lunar surface. 


4.5.1 Impact craters and basins 


Impact craters are the dominant landform on the Moon; 
interest in them ultimately contributed to the foundation of 
planetary geology as a discipline. Lunar craters range in 
size from features only microns across, seen on lunar 
samples, to the enormous “basins” that are hundreds of 
kilometers across. Lunar craters serve as the basis for 
describing the morphology of impact craters in general, 
although the geometries (such as the depth-to-diameter 
ratios, Fig. 3.31) vary with planetary environment as 
described in Section 3.4.3. 

Planetary scientists Bill Hartmann and Gerard Kuiper of 
Arizona coined the term basins for large impact structures 
on the Moon. In addition to the large size (> 220 km), lunar 
basins are typified by concentric rings of mountain ranges. 


4.5 Geomorphology 


75 





Maps of the Moon (Fig. 4.23) show that basins are ran- 
domly distributed over the entire surface and are not pref- 
erentially located in any one hemisphere, although the north 
polar region appears to have a paucity of impact features 
> 300 km in diameter, as described by NASA scientist Herb 
Frey (2011). Samples returned by the Apollo astronauts, 
coupled with photogeologic mapping, show that most of 
the basins formed prior to 3.8 Ga ago. Basin-related geol- 
ogy dominates the lunar surface in several ways, including 
(a) mountain ranges that are segments of basin rings, (b) 
lunar crustal fractures that controlled the eruptions of some 
lunar lava flows, and (c) ejecta of deposits that blanket 
much of the older surface. 

Given the critical role of basins in the evolution of the 
lunar surface, many of the Apollo and Luna landing sites 
were selected to provide insight into these structures, 
including one of the most prominent features, the 
Imbrium basin. The American geologist G. K. Gilbert 
was keenly interested in the geology of the Moon and 
studied its surface telescopically, especially the area 
around Imbrium. As noted in Section 2.2, he also con- 
ducted experiments to simulate impact processes. His 
results led Gilbert to suggest that the Imbrium basin was 
a huge impact scar, some 1,140 km across. This feature 
dominates the near side of the Moon, and Gilbert recog- 
nized the distinctive radial grooves and furrows, which 
he termed the Imbrium sculpture (Fig. 4.24). Geologic 
mapping shows that the Imbrium basin includes three 
rings, with the main ring defined by the Apennine 
Mountains. An intermediate ring 850km across is 
marked by the lunar Alps, part of the Sinus Iridium 
rim, and smaller isolated mountains such as La Hire. 
An inner ring about 570 km across is defined only by 
arc-like ridges seen on the mare lavas, which have been 
interpreted as representing flooding by lava flows over 
now-buried basin structure. 

Ejecta deposits from the Imbrium impact are spread 
over much of the lunar near side. Its distinctive appear- 
ance led to the definition by early lunar geologic mappers 
of the Fra Mauro Formation (Fig. 4.11), which 1s as thick 
as 1 km some 600 km from the basin. This unit serves as 
one of the primary index markers, or datum planes, for 
lunar stratigraphy, in which other units are dated relatively 
by superposition and cross-cutting relations. Because of 
its critical importance, the Fra Mauro Formation. was 
targeted as an Apollo site early in the series of landings. 
Samples returned from Apollo 14 showed that the forma- 
tion consists of highly brecciated rocks and provided a 
date for the Imbrium impact of 3.85 Ga. 


Earth’s Moon 






iMBRILIN 













Powe 
fo eo 
ra y pits 


LF (+ 











AG KH pre-Nectarian AG 


Near Side Far Side 


Figure 4.23. A map of lunar basins; rings and ring-arcs are shown solid where exposed, dotted where buried or inferred. Names of basins 
having mapped deposits are in capital letters. Names of other definite basins are written out in lower case. Initials refer to indefinite basins: 
AG, Amundsen-Ganswindt; AK, Al Khwarizmi-King; FB, Flamsteed-Billy; In, Insularum; LF, Lomonosov—Fleming; Ma, Marginis; MV, Mutus— 
Vlacq; PH, Pingré—Hausen; SR, Sikorsky—Rittenhouse; TS, Tsiolkovsky—Stark; and WA, Werner-Airy (from Wilhelms, 1980). 


Orientale (Fig. 4.25) is the youngest impact basin on 
the Moon. So-named from the older system of lunar 
geography in which telescopic images invert positions, 
the “eastern” (1.e., “orient’’) basin is actually on the west- 
ern limb of the Moon. Although it has not been dated 
directly, superposition of the ejecta deposits from 
Orientale, the Hevelius Formation, shows that it 1s 
younger than the Imbrium basin. Unlike most of the 
impact basins on the near side, the Orientale basin is 
only partly flooded by younger mare lavas, enabling its 
structure to be studied. Mapping by Jack McCauley and 
others identified the key formations and basin rings 
(Fig. 4.26), including the Inner Rook, Outer Rook, and 
Cordillera Mountains. The Maunder Formation lies 
between the Inner and Outer Rook Mountains. Its fis- 
sured, high-albedo appearance suggests that it is melted 
rock generated from the Orientale impact. The Montes 
Rook Formation (Fig. 4.27) is found between the Outer 
Rook Mountains and the Cordilleras and 1s also thought 


Figure 4.24. The Apollo 16 astronauts took this photograph of the to be impact melt, but includes non-melted materials, 
“Imbrium sculpture” northwest of the crater Ptolemaeus; the 

texture resulted from the gouging by ejecta from the Imbrium basin, 
which is visible on the horizon (NASA AS 16-1412). tion process. Topographic mapping of Orientale, as well 





probably representing material formed late in the ejec- 
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Figure 4.25. The 930 km in diameter Orientale basin, imaged by the 
Lunar Reconnaissance Orbiter, is marked by the Inner Rook 
Mountains (A), the Outer Rook Mountains (B), and the Cordillera 
Mountains (C), which form concentric rings. The outer two rings rise 
some 3 km above the surrounding terrain and are among the highest 
features on the Moon (NASA PIA 13225). 


as the rest of the Moon, from the Lunar (Reconnaissance) 
Orbiter Laser Altimeter on the LRO spacecraft and from 
the Kaguya mission enables accurate assessments of the 
elevations of the mountains and the intervening low- 
lying areas. 

There has been considerable controversy regarding the 
size of the original transient cavity of the Orientale impact, 
as well as the mechanisms of basin-ring formation in 
general. Many researchers favor the Outer Rook 
Mountains to define the Orientale transient cavity, on the 
basis of observations that most of the ejecta lies beyond 
the scarp formed by this range. The Cordillera Mountains 
are thought to be a “mega-terrace,” formed by the inward 
slump of material into the transient cavity. However, an 
alternative model suggests that the Cordilleras represent 
the transient cavity, because of the knobby texture of the 
Montes Rook Formation, which lies beyond the 
Cordilleras and is suggested to be the primary ejecta. In 
either case, the inner rings and scarps probably represent 
adjustments and rebound of the lunar crust following the 
impact. 


4.5 Geomorphology 


4.5.2 Highland plains 


Many areas in the highlands display relatively smooth, 
bright plains. Early in photogeologic mapping of the 
Moon, these plains were interpreted as being either a 
form of highland volcanism (such as silicic ash flows) or 
ejecta deposits from large impacts. Named the Cayley 
Formation, this unit was given a high priority for Apollo 
exploration to resolve the issue. For example, if the 
plains represented silicic volcanism, then models for 
magma evolution on the Moon would need substantial 
revision from the favored basalt-dominated models. 
With this goal in mind, Apollo 16 was sited to land on 
the Cayley Formation (Fig. 4.28) near the rim of the 
Nectaris basin. This unit is now widely regarded as 
ejecta deposits associated with one or more basin- 
forming impact. Stimulated by the initial controversy 
of the origin of the Cayley Formation, Verne Oberbeck 
of NASA-Ames Research Center conducted impact 
experiments and modeled the ejecta process. As 
shown in Fig. 4.29, he demonstrated that ejecta deposits 
consist of progressively higher percentages of locally 
derived materials with increasing distance from the 
primary impact. In considering impact cratering 
mechanics, this makes sense; the blocks of ejecta 
thrown the greatest distance impact at the highest 
speeds; thus, they would transfer the highest energies 
to the surface to form secondary craters and generate 
local ejecta. 


4.5.3 Mare terrains 


Lunar maria and basins are often erroneously considered 
to be synonymous, even by some planetary scientists. As 
noted above, basins are impact structures, while maria 
are lava flows, most of which are younger than the 
formation of the basins. Mare lavas tended to accumulate 
in topographically low areas, which typically are in the 
basins. Thus, the outlines of many maria are circular, 
conforming to the shape of the impact basins that contain 
them. 

Maria cover about 17% of the surface of the Moon 
and are found mostly on the near side, whereas basins 
are randomly distributed over the Moon (Fig. 4.23). If 
cryptomaria are taken into account, the areal extent of 
mare lavas increases to about 20% of surface and near- 
surface materials (Antonenko et al., 1995). Although 
difficult to determine precisely, since estimates are 
based on the degree of flooding and partial flooding of 
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Figure 4.26. A geologic map of the Orientale basin, showing the main ejecta deposits and mare units. The units of the Orientale Group 
are (a) Maunder Formation, (b) Montes Rook Formation, knobby facies, (c) Montes Rook Formation, massif facies, (d) Hevelius 
Formation, inner facies, (e) Hevelius Formation, outer facies, (f) Hevelius Formation, transverse facies, and (g) Hevelius Formation, 
secondary crater facies (reprinted from Phys. Earth Planet. Inter., 15, McCauley, J.F., Orientale and Caloris, 1977, 220-250, with 


permission from Elsevier). 


impact craters by mare lavas, the thicknesses of the lava 
flows are estimated to be generally less than a few 
kilometers. Data from recent missions to the Moon 
demonstrate a complex stratigraphic history of volcan- 
ism, as reviewed by Hiesinger et a/. (2011), including 
estimates of dates based on sophisticated crater-counts. 
Results show that volcanism apparently ceased at about 
1.2 Ga. 

Lunar lavas are very similar to terrestrial basalts but 
have slightly higher abundances of iron, magnesium, and 
titantum in some areas. Analysis of lunar samples sug- 
gests that the basalts were derived from the mantle at 
depths of 150—450 km below the surface. 

Even before the return of samples, photogeologic evi- 
dence suggested that the lunar lavas were very fluid at the 
time of their eruption, as exemplified by the flows in Mare 
Imbrium (Fig. 4.30). These flows extend more than 
1,200 km but are less than 10—65 m thick. When the lava 


compositions were determined from the Apollo samples, 
synthetic batches of lunar lavas were found to be 
extremely fluid (about 10 poise), equivalent to motor oil 
at room temperature. This is substantially more fluid than 
typical basalt flows on Earth and can account for the great 
lengths of the flows on the Moon. 

For the most part, the source vents for the lunar lava 
flows are not known, but are mostly inferred to be associ- 
ated with impact-basin fractures. Similar to flood eruptions 
on Earth, most of the mare lava flows probably buried any 
vestiges of their vent structures. There are, however, some 
well-known volcanic vents, such as those associated with 
lunar sinous rilles. 


4.5.4 Sinuous rilles 


Sinuous rilles are channel-like features found on some 
mare surfaces and (rarely) in highland terrains. The 
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Figure 4.28. The Apollo 16 landing site (X) was chosen to sample the 
Cayley Plains, the extensive, snooth unit found in much of the 


Figure 4.27. A Lunar Orbiter photograph of part of the interior of the highlands (the area shown is about 95km by 110 km; NASA AS 


Orientale basin, showing the dark smooth mare lavas (top) of the basin 


16-0439). 
center, fissured and hummocky deposits of the Maunder Formation 
(middle of the image), and the knobby Montes Rook Formation; the 
area shown is about 280 km by 312 km (NASA LO IV H-195). 
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Figure 4.29. A diagram showing the relative proportions of material ejected from an impact crater (solid black) and locally derived material 
(dashed lines) as a function of distance from the crater. The initial ejecta consists of the finest material which travels the greatest distance and 
impacts at the highest velocities, resulting in generation of locally derived secondary ejecta deposits; late-stage ejecta consists of large 
fragments deposited closest to the crater and proportionately is more abundant than locally derived material (from Oberbeck, 1975). 


Figure 4.30. A view across Mare Imbrium showing lobate lava flows, 
some of which are inferred to have flowed 1200 km from their 
source; the flows seen here are estimated to be only 10-65 m thick, 
suggesting extremely low viscosity at the time of their emplacement 
(NASA AS 15-1555). 


12 m deep 





Figure 4.32. A high-resolution image of two collapse features 
considered to be “skylights” into a lava tube; the image was taken in 
early morning light (sun shining from right to left) by the Lunar 
Reconnaissance Orbiter camera and covers an area ~200 m across 
(NASA/GSFC/Arizona State University). 


largest, Schroter’s Valley (Fig. 4.31), was discovered tele- 
scopically in the 1700s near Aristarchus crater. Lunar 
Orbiter images (Fig. 4.9) stimulated a great deal of inter- 
est in sinuous rilles and their origin. Ideas included 
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Figure 4.31. The volcanic Aristarchus Plateau (the 40 km in 
diameter impact crater Aristarchus is on the left) is the source for 
Schréter’s Valley, the large sinuous rille extending toward the right 
side of the image and emptying into Oceanus Procellarum (NASA 
AS 15-2611). 


suggestions that they are ancient channels carved by 
water or cut by silicic ash flows, or that they are remnants 
of lava channels or lava tubes. 

When the Apollo samples showed a lack of evidence for 
flowing water and extensive silicic materials on the Moon, 
the ideas involving lava channels and lava tubes were 
quickly accepted. As noted in Section 3.2, these volcanic 
flow features are common in basalt flows and are effective 
conduits for transporting lavas to the advancing flow 
front. Tubes can either form directly in flows or develop 
from channels that become roofed, either completely or in 
segments. Once the molten lava has drained, lava tube 
roofs often collapse (Fig. 4.32), leaving a series of dis- 
continuous depressions. Thus, the observations that many 
sinuous rilles include discontinuous segments is consis- 
tent with their being lava channels/tubes. For example, 
parts of the Hadley Rille, site of the Apollo 15 landing 
(Fig. 4.33), appear to include roofed segments. Views of 
the wall of the rille taken by the astronauts show that the 
basalts consist of multiple lava flows (Fig. 4.34) charac- 
teristic of the types of eruptions in which lava channels 
and tubes commonly form. 

The margins of some mare regions show distinctive 
benches where the lava is in contact with hills or 





Figure 4.33. A view of the Hadley Rille, site of the Apollo 15 landing 
site (A). The Montes Apennines (H) form the rugged terrain on the 
right and are part of the ring structure for the Imbrium basin (the 
area shown is about 60 km by 100 km; morning illumination is from 
the right; NASA AS 15-0414). 





highland terrains, and many are found in mare deposits 
that contain sinuous rilles (Fig. 4.35). Some benches are 
20 m high and can be traced for several kilometers. The 
benches probably represent high-stands of the lava flows 


4.5 Geomorphology 








Figure 4.34. A view of the Hadley Rille wall photographed by the 
Apollo 15 astronauts, showing a cross-section of at least three 
basaltic lava flows, overlain by fragmental regolith and talus 
deposits on the lower slopes; these are the only outcrops visited thus 
far in the exploration of the Moon; the Montes Apennines are visible 
on the horizon (NASA H-12115). 


Figure 4.35. The terrace, or bench (arrow), at the base of 
this hill is thought to represent a high-standing mark of 
the mare lavas, the surface of which was subsequently 
lowered by drainage through lava channel(s), degassing, 
or a combination of these processes. In this oblique view 
of the Hergonius region, the near-field view is about 

30 km across (NASA 16—19140). 


that subsequently drained downslope, possibly aided by 
flow through lava tubes and channels. However, degass- 
ing of the basalts during cooling could also contribute to 
the lowering of the mare surface. Some of the Apollo 


basalt samples (Fig. 4.20(a)) are quite vesicular, attest- 
ing to the high gas content of the lavas in some areas. 


4.5.5 Volcanic constructs 


Although the Moon lacks large classic shield volcanoes 
and composite cones, it does show evidence of several 
styles of “central” volcanism in the forms of domes, small 
shield volcanoes, and cones. For example, the Martius 
Hills (Fig. 4.9) represent more than 200 domes that have 
been identified on mare surfaces. Such mare domes range 
in diameter from 2 to 25 km and can be as high as 300 m. 
Their association with sinuous rilles would suggest basal- 
tic compositions. 

In contrast to the Marius Hills, the steeper slopes of the 
Gruithuisen domes (Fig. 4.36) appear to reflect the erup- 
tion of lavas with rheological properties more akin to 
those of silicic magmas than to those of basalts, as postu- 
lated by Lionel Wilson and Jim Head. For example, the 
Gruithuisen domes are as large as 20 km across and stand 
a kilometer high, suggesting formation from extrusion of 
viscous lavas. 

Small shield volcanoes, called low shields because of 
their small height-to-diameter aspect ratio (~0.008 com- 
pared with 0.03 for Hawaiian shield volcanoes), have 
been identified in the mare deposits of the Orientale basin 
(Fig. 4.37). These features are only about 10 km across and 
are similar to features seen on Earth, Mars, and Venus. 

In a few areas of the Moon (Fig. 4.38), rows of small 
cones aligned on inferred fissures are thought to be spatter 
cones, formed by the ejection of clots of pasty lava. Other 
aligned features include the much larger rimless craters of 
the Hyginus Rille (Fig. 4.39); the occurrence of rimless 
craters within a linear rille (a probable graben) precludes 
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their origin as secondary impact craters and suggests a 
volcanic origin probably similar to that of collapse-pit 
craters. 

While not strictly volcanic constructs, several areas of 
the Moon are centers of extensive volcanism. For exam- 
ple, the Aristarchus Plateau (Fig. 4.31), the source of 
Schroter’s Valley, displays spectral signatures indicative 
of a variety of basaltic lavas and pyroclastic deposits 
and is probably one of the largest volcanic centers on 
the lunar near side. Similarly, the Harbinger Mountains 
are the source region for numerous large sinuous rilles 
(Fig. 4.40). Recent analysis of LRO altimetry by Paul 
Spudis et a/. (2011) of the Lunar and Planetary Institute 
suggests that some of the volcanic centers, such as the 
Marius Hills and the Mayer-Hortensius dome west of 
Copernicus crater, could be very large shield-like volca- 
noes that lack central calderas. 


4.5.6 Tectonic features 


Most tectonic features on the Moon appear to be associated 
with crustal adjustments in response to large impacts or 
adjustments of mare deposits within basins. For example, 
the Alpine Valley (Fig. 4.41) is 10km wide and 150km 
long, and 1s oriented radially to the Imbrium basin. Linear 
rilles, such as Rima Ariadaeus (Fig. 2.9), are grabens that 
cut across highlands, maria, and existing impact craters, 
reflecting deep-seated tectonic deformation of the crust. 
Careful mapping of the relative ages of sets of grabens on 
the Moon suggests that they post-date the emplacement of 
most maria and appear to represent reactivation of struc- 
tures associated with impact basins. 

Floor-fractured craters are large impacts with floors 
that have been extensively modified (Fig. 4.42(a)). Studies 


Figure 4.36. An oblique view of the Gruithuisen domes, 
obtained by the Apollo 15 astronauts. These non-mare 
domes are thought to represent non-basaltic volcanism 
(NASA AS 15-93-12711). 
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Figure 4.38. This row of small cones in Oceanus Procellarum 
Figure 4.37. These low-shield volcanoes are about 10 km across intersects the crater Hortensius D and is thought to consist of 
and occur in mare deposits of the Orientale basin; they represent a volcanic spatter; each cone is less than a few hundred meters across 
style of basaltic volcanism typified by eruptions of low-volume fluid (NASA LO IV H-133). 
lavas (NASA LO IVH-181). 





Figure 4.40. A view of the Harbinger Mountains (left+side), viewed 
south across the mare plains of Oceanus Procellarum and east of the 
crater, Aristarchus (on the right). The numerous sinuous rilles 
indicate extensive volcanism in this part of the Moon. Note the 46 km 
Figure 4.39. The Hyginus Rille is more than 200 km in diameter crater Prinz that has been partly flooded by mare basalts 
long and contains a series of rimless craters, some as large as (NASA AS 15-2607). 

12 km across. The rille is likely to be a graben, while the 

craters are probably of endogenic origin, possibly 

analogous to volcanic pit craters formed by collapse (NASA LO by Pete Schultz suggest that they represent intrusion of 


V M-97). magma along fracture systems generated by the impact 
which lifts the floor units, including central peak structures, 
to higher-than-normal elevations (Fig. 4.42(b)). 





Figure 4.41. The Alpine Valley is a structural graben 150 km long by 
10 km wide radial to the Imbrium basin, seen toward the top of 

the image. The floor of the graben has been flooded with mare 
deposits emplaced by a rille in the center of the valley (NASA LO IV 
M-102). 


Mare ridges constitute some of the most common 
tectonic features on the Moon. Also called “wrinkle 
ridges” (an apt name given their appearance; Fig. 4.43), 
these features extend tens of kilometers in length across 
mare surfaces. Mare ridges typically consist of a broad, 
gentle arch surmounted by a steeper-sided, narrow crenu- 
lated ridge crest. While most of the ridges are found on 
mare surfaces, many extend into highland terrains 
(Fig. 4.44). As shown in Fig. 4.45, most mare ridges 
fractured the basalts well after the emplacement of the 
lavas (at least after a crust of sufficient thickness had 
formed to support the preservation of the crater shown in 
the figure). However, in some places, mare ridges also 
exhibit flow lobes suggesting volcanic extrusions; thus, 
some ridges probably formed on mare surfaces before 
complete solidification of the lavas. The consensus is 
that most mare ridges are predominantly structural fea- 
tures that reflect deformation of basaltic rocks. 
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Figure 4.42. (a) Floor-fractured craters bordering western Oceanus 
Procellarum; largest crater is ~75 km across (NASA LO IV H-189). 

(b) Diagrams showing the possible formation and evolution of floor- 
fractured craters through the intrusion of magma and uplift of the 
crater floor zone (with permission from Springer Science+Business 
Media: The Moon, Floor-fractured lunar craters, 15, 1976, 241-273, 
Schultz, P. H., Fig. 10). 


4.5.7 Gradational features 


In the absence of wind and flowing water, gradation on 
the Moon occurs in the form of “space weathering” (see 
Section 3.5) and downslope mass wasting of debris under 
the influence of gravity. Mass wasting of several forms 1s 
seen in most areas of the Moon. These include landslides 
(Fig. 4.44) and individual rocks that have rolled down 
slopes, leaving tracks (Fig. 4.46). 

The physical breakup and fusing of surface materials 
occurs by impacts at all scales. The formation of soil agglu- 
tinates is particularly important. This material involves gas- 
ses formed by miucrometeoroid bombardment, gasses 
implanted by the solar wind, and subsequent fusing of soil 
grains. With time, the amount of agglutinates in the regolith 
increases, leading to soil maturation. Understanding the 
effects of soil maturity is critical in the imterpretation of 
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Figure 4.42. (cont.) 


remote sensing data for the Moon because it influences the 
spectral signatures. 

Impact-generated debris, or regolith, is pervasive on the 
lunar surface and increases with time in response to the 
frequency and size of impacts. Verne Oberbeck and Bill 
Quaide of NASA studied the morphology of small impact 
craters that formed on unconsolidated debris overlying 
more coherent bedrock. As shown in Fig. 4.47, they 
found that normal bowl-shaped craters formed in thick 
debris layers (through which the transient crater did not 
penetrate), flat-floored craters formed in intermediate 
thicknesses of debris, and concentric craters formed in 
thin debris layers. Analysis enabled derivation of equa- 
tions relating the geometries of the crater diameters to the 
thickness of the debris layer. They applied this technique 
by analyzing the geometry of craters at the Apollo landing 
sites and found that the youngest mare surfaces on the 
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Figure 4.43. The mare ridge (also called “wrinkle ridge”) in Mare 
Serenitatis, showing the typical broad basal component and upper, 
sharper ridge component; note that the ridge system cuts across 
both higher-and lower-albedo mare units. Mare ridges are 
considered to be primarily structural features resulting from 
tectonic processes, although they might also be accompanied by 
igneous activity in some cases; the area shown is 150 km by 170 km 
(NASA AS 17-0451). 


Moon had regolith thicknesses of about 2m, while the 
older surfaces were as thick as 16 m. 

It is important to note that the term megaregolith 1s also 
used. This refers to the part of the lunar crust that was 
deeply fractured during heavy bombardment 1n the final 
stages of Solar System formation and after the lunar crust 
had solidified. The megaregolith is thought to be many 
kilometers thick. 


4.6 Geologic history of the Moon 





After more than four decades of intensive study, a general 
hypothesis for the origin of the Moon has emerged. 
Sometimes referred to as the “Big Whack” model, the 
concept involves the collision of a Mars-size object with 
the proto-Earth in the final stages of Solar System forma- 
tion. Both objects had already differentiated to form early 
mantles and cores. Computer models developed by plan- 
etologist Jay Melosh suggest that the Mars-size object 
collided with the proto-Earth at an oblique angle, ejecting 





Figure 4.44. A view of the Taurus-—Littrow valley on the eastern 
margin of Mare Serenitatis, showing a bright avalanche deposit that 
slid from South Massif across the valley toward North Massif (in the 
upper right part of the image). The Apollo 17 astronauts landed in 
the cluster of craters east (left) of the landslide; using the lunar rover, 
they traversed to the craters at the base of North Massif, across the 
valley floor, and across the landslide deposit to the base of South 
Massif. Note the “wrinkle ridge” that cuts across the mare-filled 
valley and into the highlands, which is indicative of a tectonic origin; 
the area shown is about 22 km by 22 km (NASA M-1220). 





Figure 4.46. The Apollo 17 astronauts photographed these tracks 
left by boulders that had rolled down the slope of North Massif in the 
Taurus-Littrow Valley; the boulder on the right is about 5m across 
(NASA AS 17-144-21991). 
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Figure 4.45. This 6km in diameter impact crater in Mare Cognitum 
has been cut by a small mare ridge, showing that a crust had formed 
on the mare lavas of sufficient strength to preserve the crater at the 
time of ridge formation (NASA AS 16-5429). 


a mass of superheated silicate-rich gasses derived from the 
mantles of both objects, but with most of the mass of the 
Mars-size object being incorporated into the proto-Earth. 
Most of the cloud of silicates and ejected debris was 
gravitationally bound to Earth and condensed to form 
the Moon. 

The rapid accretion of material to form the Moon pro- 
duced sufficient heat to generate a magma ocean, which 
subsequently cooled to form the anorthositic crust seen 
today (Fig. 4.48). As portrayed by Don Davis and Don 
Wilhelms of the US Geological Survey, the Moon con- 
tinued to be bombarded by large objects, the records of 
which are preserved as impact basins (Fig. 4.49(a)). Early 
stages of volcanism, represented by some KREEP materi- 
als, occurred in this early phase of lunar history. However, 
most volcanism occurred during and following the final 
stages of basin-forming impacts through partial melting of 
the lithosphere to generate the mare basalts (Fig. 4.49(b)). 
With time, the sources for mare volcanism deepened and 
eventually magmas were unable to reach the surface, thus 
ending volcanic activity by about 2 Ga. Subsequently, 
most of the geologic activity on the Moon has been 
reduced to minor impact cratering, modest moonquakes 
in response to tidal flexing, and surface modifications by 
gradation (Fig. 4.49c). 
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Figure 4.48. Evolution of the lunar crust through time, beginning 
with the formation of the magma ocean, through the 
development of the anorthositic crust and the eruption of 
basaltic lava flows (with permission from Springer Science 
+Business Media: Stratigraphy and isotope ages of lunar 
geologic units: chronological standard for the inner Solar 
System, Space Science Reviews, 96, 2001, 9-54, Stoffler, D. and 
Ryder, G.). 
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A generalized geologic time scale for the Moon has 
been developed. It is based on mapping that began with 
Earth-based telescopic observations (Fig. 2.7), integration 
of spacecraft data, and incorporation of information from 
samples, including ages for key geologic rock units 
(Fig. 2.10). As codified by Don Wilhelms in his classic 
reference The Geologic History of the Moon, lunar history 
is divided into five periods (Fig. 4.50). The pre-Nectarian 
Period is represented by the ancient heavily cratered high- 
lands. No specific formal geologic formations have been 
mapped for this interval of time. As Wilhelms noted, 
operational constraints precluded Apollo and Luna land- 
ings in pre-Nectarian sites, and untangling this episode of 
lunar history remains a challenge, but new insight is 
currently being gained from the recent lunar missions. 

The Nectarian Period is marked by the formation of the 
Nectaris impact basin and the emplacement of its ejecta 
blanket, the Janssen Formation. The Nectaris basin is 
about 860 km in diameter and probably resembled the 
Orientale basin (Fig. 4.25) shortly after its formation. 
Samples of Nectarian-age materials are thought to be 
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Figure 4.49. A series of artist's renditions of the 
lunar near side showing its paleogeology. From 
(a) the middle of the Imbrian Period after the 
formation of most of the large impact basins but 
before extensive eruptions of mare lavas. (b) The 
lunar near side after emplacement of most mare 
lavas but before the impacts to form large craters 
such as Copernicus, Aristarchus, and Tycho. (c) The 
lunar near side as it appears today. Reprinted from 
Icarus, 15, Wilhelms, D. E. and Davis, D. E., Two 
former faces of the Moon, 368-372, Copyright 
1971, with permission from Elsevier. 
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Figure 4.49. (cont.) 
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represented in samples from the Apollo 17 mission, the 
Luna 20 site, and possibly from the Apollo 16 site. Other 
large basins formed during the Nectarian Period include 
Crisium and Humorum. High-aluminum mare lavas and 
lavas rich in KREEP components were erupted at this time 
as well. 

The Imbrian Period began with the formation of the 
Imbrium basin at ~3.85 Ga and the emplacement of its ejecta, 
the Fra Mauro Formation. The Orientale basin, formed dur- 
ing this time, marked the cessation of large impacts on the 
Moon (and probably the inner Solar System in general). This 
period of time saw extensive eruptions of mare basalts, 


Assignments 


1. Compare and contrast the Apollo lunar landing sites 
with those of the former Soviet Union; be specific with 
regard to the type(s) of terrain (mare, highland, etc.) 
and the key scientific objectives. 


2. Refer to Chapter 3 and the relations of the morphology of 
volcanic features; consider lunar maria, lunar volcanic 
domes, and lunar sinuous rilles and infer the key param- 
eters (composition, rate of effusion, etc.) involved 1n their 
formation, taking into account the lunar environment. 


3. Discuss what might be expected in ejecta deposits 
found in a lunar mare setting 500 km from the source 
impact crater in the lunar highlands. 


Earth’s Moon 


flooding the floors of near side basins and embaying heavily 
cratered highland terrains. Mapping the relative ages of mare 
materials in accord with this system shows that lunar volcan- 
ism began at ~3.9 to 4 Ga to ~1.2 Ga, with most eruptions 
occurring in the late Imbrian Period. 

The Eratosthenian and Copernican Periods were origi- 
nally based on mapping and relative ages of crater depos- 
its from the impact craters Eratosthenes and Copernicus. 
Eratosthenian-age craters are “fresh,” with sharp crater 
rims and clearly identified secondary craters, although 
lacking bright rays, while Copernican-age craters are suf- 
ficiently young to still show bright rays (Fig. 4.8). 


4. Explain the concept behind the discovery of lunar 
mascons. 


5. Compare the figures showing the distribution of lunar 
maria with the diagram for the interior of the Moon 
and offer an explanation for why maria are concen- 
trated on the near side. 


6. Discuss how water-ice can be present on and near the 
surface of the Moon. 
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CHAPTER 5 


Mercury 


5.1 Introduction 


As a planetary “wanderer,” Mercury probably has been 
recognized as long as the heavens have been viewed. 
Although many cultural mythologies refer to this planet, 
the first recorded mention of Mercury was in 265 B.C. by 
the Greek Timocharis. With the advent of telescopes and 
their use in science, careful observations by Giovanni 
Zupus in 1639 revealed that Mercury goes through phases 
similar to the Moon. In the 1800s, several well-known 
planetary observers noted various aspects of Mercury, 
including supposed surface markings. For example, 
Giovanni Schiaparelli and Percival Lowell, both of Mars 
fame, made simple maps of Mercury and named features 
that they thought could be seen. While most of these 
features turned out not to exist, some of the names are 
still used (Fig. 5.1). 


5.2 Mercury exploration 


In some ways, Mercury has been the forgotten planet. Until 
recently, only NASA’s Mariner 10 spacecraft, flown 1n the 
early 1970s, had returned data from this, the closest planet 
to the Sun. Because of its orbit within the inner Solar 
System, Mercury is difficult to observe from Earth tele- 
scopically, never being more than 28° from the Sun. In fact, 
many observers are reluctant to train their telescopes in the 
direction of Mercury for fear that stray light from the Sun 
would damage the instruments. Nonetheless, some cautious 
observations were made, which provided key data on the 
physical properties and astronomical characteristics of the 
planet. In addition, Earth-based radar observations pro- 
vided insight into Mercury, including hints of some very 
large surface features. 

By the dawn of the Space Age and before the flight of 
Mariner 10, the major characteristics of Mercury were 


known (Table 1.1), including its mass, as estimated from 
Mercury’s interactions with Venus and other bodies. In the 
mid 1960s, radar experts Gordon Pettengill of MIT and 
Rolf Dyce tracked Mercury using the Arecibo radar 
facility in Puerto Rico and determined that the planet’s 
spin rate equaled a rotation period of 59 days, a value later 
refined to 58.6 days. This is exactly two-thirds of 
Mercury’s orbital period, which means that its spin and 
orbit are locked into a 3:2 resonance. Thus, the planet 
spins on its axis three times for every two orbits around the 
Sun. If one were to stand on the surface, sunrise would be 
repeated every two orbits or 176 days, and the temperature 
would vary by 600 °C. 

Most of our knowledge of the geologic aspects of 
Mercury comes from the Mariner 10 and_ the 
MESSENGER (MErcury Surface Space Environment, 
GEochemistry, and Ranging) missions. Mariner 10 was 
launched in late 1973 and, after a flyby of Venus and a 
journey of nearly 5 months, flew past Mercury in March 
1974, returning the first close-up views of this Sun-baked 
planet. Although this was not in the original plan, talented 
engineers at the Jet Propulsion Laboratory, the NASA 
facility responsible for the mission, analyzed the trajectory 
of the spacecraft and found that, after looping around the 





Sun, Mariner 10 could make a second and then a third flyby 
of Mercury (Fig. 5.2). This resulted in a tremendous 
increase in data return over the original plan, all nearly for 
the price of one flyby. Mariner 10 returned more than 2,700 
useful images, covering about 45% the surface of Mercury, 
as well as other data. It should be noted, however, that the 
resolution of these images ranges from about 100 m to 4km 
per pixel, comparable to that for Earth-based images of our 
Moon. Consequently, the analysis of Mercury’s geomor- 
phology was similar to that conducted for the Moon using 
Earth-based telescopes prior to the Space Age. 
MESSENGER 1s a Discovery-class mission with Sean 
Solomon as the Principal Investigator who leads an 
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Figure 5.1. A mosaic of MESSENGER images for Mercury with some key named features (image from NASA/Johns Hopkins University Applied 


Physics Laboratory/Carnegie Institution of Washington). 





Figure 5.2. A mosaic of Mariner 10 images of the south polar region 
of Mercury, obtained during the third flyby. 


outstanding team of planetary scientists. The spacecraft 
was launched in August 2004 (some 33 years since 
Mariner 10) to begin its roughly seven-year journey before 
it went into orbit around Mercury in March 2011. Along the 
way, it made three successful flybys of Mercury, returning 
unparalleled data on the geology and other characteristics 
of the planet (Solomon ef al., 2008). Operated by the 
Applied Physics Laboratory of Johns Hopkins University, 
MESSENGER carries a sophisticated array of instruments, 


including the Mercury Dual Imaging System (MDIS) with 
a wide-angle camera (WAC) and a narrow-angle camera 
(NAC), spectrometers, a laser altimeter, and a magneto- 
meter. Thousands of images have been returned (covering 
~98% of the surface), including versions in color, and 
topographic data along with spectra for determining the 
compositions of the surface and tenuous atmosphere. 


5.3 Interior characteristics 


The magnetometer experiment on Mariner 10 detected a 
weak magnetic field around Mercury, setting off a debate 
about the properties and configuration of the planet’s 
interior. Because of its high density, Mercury is thought 
to have a large core that 1s 65%-—70% iron, making it 
unique in the Solar System (Fig. 5.3) and accounting for 
60% of the planet’s mass. With the discovery of the 
magnetic field, 1t was suggested that parts of the interior 
might be molten today, enabling the same sort of 
“dynamo” as on Earth to generate the magnetic field. On 
the other hand, Mercury’s slow rotation poses a problem 
because it might be insufficient to drive a dynamo, and 
some researchers suggested that Mariner 10 detected a 
remnant magnetic field, rather than an active field. If this is 
the case, it would suggest that Mercury was significantly 
different in the past (perhaps with a greater spin rate) or 
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that it reflects some unknown event in its history that 
might have generated a magnetic field. 

In 2007, planetary scientists Jean-Luc Margot, Stan 
Peale, and their colleagues analyzed Earth-based radar 
signals bounced off Mercury over a six-year period and 
found that slight variations in the spin were more than 
should be expected if Mercury were completely solid. 
They suggested that the spin variation results from a litho- 
sphere that is decoupled from the interior by a liquid zone, 
meaning that at least part of the interior is molten today. 
How could such a small planet as Mercury remain molten 
since its formation? One suggestion 1s that Mercury’s iron 
core contains sulfur, which would lower the melting tem- 
perature and keep the core molten. Although preliminary 
MESSENGER results are not conclusive, data from the 
flybys suggest that at least part of the magnetic signature 
results from an active dynamo, which would be consistent 
with a molten interior zone. 








5.4 Surface composition 


Information on the composition of Mercury’s surface is 
derived primarily from MESSENGER’s spectrometers and 


5.4 Surface composition 


Figure 5.3. Cross-section of Mercury showing its 
large iron-rich core (shaded) and a diagram of a 
large impact. Such an impact is thought to have 
generated seismic energy (both surface waves and 
body waves through the planet) that was focused 
in the antipode region, resulting in jostling of the 
upper crust to form hilly and lineated terrain, or 
“weird terrain;” although not shown here, 
Mercury could have a mantle (courtesy of Peter 
Schultz). 


WEIRD 
TERRAIN 


color-imaging data, coupled with Mariner 10 data and 
Earth-based telescopic observations in the visible to mid- 
IR parts of the electromagnetic spectrum (Fig. 2.14). In the 
1990s, Mark Robinson recalibrated the Mariner 10 color 
data and derived new insight into surface compositions; 
those new insights are being confirmed with MESSENGER 
data. For example, some local heterogeneities in color and 
albedo can be correlated with the geology, including 
inferred volcanic materials described below. 








Mercury’s surface appears to be compositionally heter- 
ogeneous, with a wide variety of silicate materials and 
rocks such as low-iron basalt, as reviewed in the book 
Exploring Mercury: The Iron Planet by Robert Strom and 
Ann Sprague (2003). MESSENGER data at global scales 
confirm this conclusion. In contrast with the lunar high- 
lands, Mercury’s crust does not appear to be dominated by 
anorthosite but instead seems to have olivine and low-iron 
pyroxene. Thus, in comparison with the iron-rich lavas of 
the other terrestrial planets, the FeO content of the mer- 
curian surface is lower by factors of 4-12. However, 
albedo and soil maturity related to space weathering influ- 
ence the spectral signatures of the regolith on the Moon, 
and the same considerations must be taken into account 
for remote sensing data for Mercury. 
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Figure 5.4. An oblique image taken by Mariner 10, showing heavily 
cratered terrain and patches of more sparsely impacted intercrater 
plains (NASA Mariner 10 FDS 27328). 


5.5 Geomorphology 





At first glance, Mercury can be confused with Earth’s 
Moon. On a global scale, it is cratered with patches of 
plains, and, as a small, airless body, it appears to have 
experienced similar surface processes to the Moon. Upon 
closer inspection, however, Mercury is seen to have its 
own unique surface characteristics at all scales. 


5.5.1 General physiography 


The principal terrains on Mercury were defined by the 
Mariner 10 imaging team as the heavily cratered high- 
lands, intercrater plains (Fig. 5.4), and smooth plains. 
While these superficially resemble the lunar highlands 
and mare regions, the team recognized that there are 
fundamental differences between the lunar and mercurian 
terrains. 

The heavily cratered terrain on Mercury consists of 
abundant large, overlapping impact craters representing 
the final stages of intense bombardment in the inner Solar 
System as are also seen on the Moon (Fig. 4.4). Although 
initial Mariner 10 analysis suggested that there are fewer 
large craters per unit area than on the Moon, subsequent 
study shows this not to be the case. 

Individual ejecta deposits and secondary craters are 
rarely seen around the older mercurian craters in the 
heavily cratered terrain. This could be due to gravitational 
effects, mantling by younger deposits, or a combination of 
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Figure 5.5. Large craters on Mercury tend to have lower rims and 
shallower floors than do comparable-size craters on the Moon, as 
seen in this oblique image of the 160 km in diameter crater Verdi in 
the Shakespeare region of Mercury (NASA Mariner 10 FDS 166). 


these possibilities. Moreover, as shown in MESSENGER 
altimeter data, the large craters (Fig. 5.5) have lower rims 
and shallower floors in comparison with craters of similar 
size on the Moon. This can be explained in part by the 
higher surface gravity of Mercury, which would inhibit 
rim uplift during the excavation stage and result in lower 
topographic relief. In addition, the floors of many of the 
large craters are filled with smooth plains (described 
below), which also contribute to the lower depth-to- 
diameter ratio. 

Intercrater plains occur as irregular-shaped patches of 
level-to-gently rolling terrain within the heavily cratered 
regions (Fig. 5.6). Unlike many of the lunar maria, most 
mercurian intercrater plains are not found in circular 
patches associated with obvious large impact basins. 
What are the intercrater plains and how did they form? 
These questions have puzzled planetary geologists for 
more than three decades. Early ideas suggested that the 
intercrater plains represent a primordial surface preserved 
since the solidification of the crust or that they are com- 
parable to the highland plains seen on the Moon, which 
are attributed to eyecta deposits from large impact basins. 
However, specific large impacts have not been identified 
as sources on Mercury. Plains are now recognized to span 
a wide range of ages. Some are relatively ancient, which is 
evidenced by large superposed impact craters, while 
embayment by intercrater plains into heavily cratered 





Figure 5.6. A Mariner 10 image of typical intercrater plains and their 
embayment of a 90km impact crater (arrow), showing that some 
intercrater plains post-date the heavily cratered terrain. The lobate 
scarp, Santa Maria Rupes, is in the middle of the image and cross- 
cuts the terrain, indicating that this tectonic deformation post-dated 
the emplacement of intercrater plains. The area shown is about 
400 km across (from Strom, 1979; NASA Mariner 10 FDS 27448). 





Figure 5.7. A circular ridge, or “ghost crater,” similar to those seen 
on the Moon and Mars that are considered to represent impact 
craters buried by lava flows. In this model, Head et a/. (2008) estimate 
that flows of ~2.7 km thickness would be required in order to form 
the feature shown here on Mercury (NASA MESSENGER image 
EN108827047M). 


terrain shows that some plains are relatively young. 
“Ghost” craters, similar to those seen on the Moon, sug- 
gest that some intercrater plains represent a relatively thin 
mantle that buries craters (Fig. 5.7), perhaps analogous to 
lunar volcanic flood lavas. Thus, the intercrater plains are 
likely to be of volcanic origin. 
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Figure 5.8. An oblique view of smooth plains showing the 
characteristic ridges (similar to mare ridges on the Moon) and the 
relative lack of superposed impact craters; the area shown is about 
600 km wide (NASA MESSENGER NAC 162744209). 


Smooth plains constitute about 40% of the surface of 
Mercury. They are generally flat or gently rolling and are 
relatively sparsely cratered, making them the youngest of 
the principal physiographic units. Smooth plains are 
found as irregular-shaped patches within the heavily cra- 
tered terrain and intercrater plains, as well as within 
impact craters and basins. Most smooth plains are charac- 
terized by ridges that resemble lunar mare ridges 
(Fig. 5.8). Embayment by smooth plains into heavily 
cratered terrains suggests that they are of volcanic origin 
(Fig. 5.9) and are comparable in size to flood lavas on 
Earth and the Moon. Alternatively, some investigators 
suggest that the Mercury smooth plains are ejecta deposits 
similar to the Cayley Plains on the Moon; however, as 
with the intercrater plains, there are no obvious primary 
source craters and the smooth plains are also thought to be 
volcanic. 


5.5.2 Impact craters 


Impact craters on Mercury range in size from the 
1,560 km in diameter Borealis basin down to the limit 
of recognition on MESSENGER images of tens of 
meters. No doubt even smaller craters exist in the airless 
environment of Mercury. As on the Moon, mercurian 
craters increase in complexity with size, from simple 





Figure 5.9. Embayment by smooth plains into the cratered terrain to 
the right and partial flooding of the 120 km in diameter Rudaki 
crater (indicated by the arrow) suggest a volcanic origin for the 
plains; crater Calvino (see Fig. 5.11) is to the left of Rudaki (NASA PIA 
11400). 





Figure 5.10. An oblique view of a simple-class crater on Mercury 
(~10km in diameter), showing the typical bowl-shape and relatively 
smooth rim crest (NASA Mariner 10 FDS 27475). 


craters to complex craters, double-ring basins, and multi- 
ring basins. However, the transitions from one type to the 
next tend to occur at smaller sizes than on the Moon. 
Simple craters are bowl-shaped with smooth, circular 
rim crests (Fig. 5.10). They are typically smaller than 
~10km in diameter and have depth-to-diameter ratios 
of less than 1 to 5 (Fig. 3.31). Complex craters are char- 
acterized by scalloped rims, terraced walls (representing 


Mercury 





Figure 5.11. Complex-class craters have terraced inner walls, 
scalloped rim crests, central peaks, and hummocky floors, as seen in 
the ~85 km in diameter Calvino crater in the Renoir region of 
Mercury (see Fig. 5.9) (NASA PIA 11400). 





Figure 5.12. An image of Raditlandi, a double-ring basin ~260 km in 
diameter; the floor of this feature has been partly flooded by smooth 
plains of possible volcanic origin (NASA PIA 10378). 


slumps), hummocky floors, and central peaks (Fig. 5.11). 
They range in size from about 10 to ~110 km in diameter 
and have lower depth-to-diameter ratios than simple 
craters, becoming flatter with increasing diameter. 
Double-ring basins range in size from ~110 to ~400km 
in diameter. They consist of an outer crater rim and an 
inner ring, which somewhat resembles the peak-ring cra- 
ters on the Moon, but the inner ring is much better defined 
on Mercury (Fig. 5.12). The onset of multi-ring (three or 
more rings) basins (Fig. 5.13) occurs at diameters of 
~400 km. 
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Figure 5.13. A map showing 
the Tolstoj multi-ring basin, the 
distribution of its ejecta 

(the Goya Formation, G), and 
the suggested ring locations 
determined by geologic 
mapping (from Spudis and 
Guest, 1988). 
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Analysis of the ejecta around mercurian impact craters 
shows that both the continuous and the discontinuous 
ejecta are deposited closer to the crater rim than is seen 
on the Moon. The continuous ejecta typically occurs 
within 0.5 crater diameter, whereas on the Moon the rule 
of thumb is deposition within 0.7—1 crater diameter 
(Fig. 5.14). Similarly, secondary craters and crater chains 
occur closer to the primary crater rm (Figs. 5.15 and 
5.16), with some occurring within the continuous ejecta 
deposits. These differences are at least partly the result of 
the higher-gravity environment on Mercury (Fig. 3.28). 
For example, because the surface gravity on Mercury 1s 





200 250 


ejecta deposits for fresh impact craters on Mercury 
and the Moon (after Gault et a/., 1975, copyright 
American Geophysical Union). 


370 cm/s”, or more than twice that of the Moon’s 162 cm/s’, 
a block of ejecta might travel only half the distance from the 
primary crater on Mercury. 

On the other hand, the bright rays from some craters on 
Mercury extend farther than those on the Moon 
(Fig. 5.17). For example, one crater ray imaged by 
MESSENGER 1s >4,500 km long, compared with the lon- 
gest ray from the lunar crater Tycho, which is ~2,000 km 
long. This suggests that the mercurian crater rays are not 
as degraded as Tycho and might be younger, or that “space 
weathering” effects (which obliterate albedo features) are 
less efficient on Mercury, or that there is some unknown 
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Figure 5.15. This ~95km in diameter complex crater shows that 
the continuous ejecta deposits (outer boundary marked with 
arrows) fall within a distance about half the crater diameter 

and that some secondary crater chains (asterisk) occur within the 
ejecta deposits (NASA MESSENGER images 108826040 and 
108826045). 





Figure 5.17. The bright-rayed 80 km in diameter crater Debussy in 
the southern hemisphere of Mercury (NASA MESSENGER NAC 
131773947, NASA PIA 11371). 
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( Fé, Figure 5.18. The asymmetric bright-ray pattern around the 15 km in 
. diameter Qi Baishi crater (left side) suggests a low-angle impact by 
3 an object traveling from west to east (left to right); the “butterfly” 
‘7 / ejecta pattern around the 13 km in diameter Hovnatanian crater 
Fe 4 ; (lower right) also suggests an oblique impact, but it is not known 
, 4 2 whether the object was traveling from north to south, or from south 
y 7 to north (NASA MESSENGER image, NASA PIA 12039). 





process involved in the formation and/or preservation of 
bright rays in general. 


Figure 5.16. This 44km in diameter crater is on the floor of the Statistically, most impacts occur at angles that are not 
Rembrandt basin; the very low Sun-angle illumination emphasizes re 

the continuous ejecta and its proximity to the rim (NASA normal (90°) with respect to planetary surfaces. However, as 
MESSENGER NAC 131766401M). discussed in Section 3.4.3, differences in crater morphology 


and ejecta deposits are seen only when the angle of impact is 





Figure 5.19. An oblique view of Nawahi crater (34 km in diameter) 
on the floor of the Caloris basin. Its dark ejecta deposit suggests an 
impact through a thin mantle of relatively bright materials to 
excavate darker materials from the subsurface (NASA MESSENGER 
NAC 108826682). 





Figure 5.20. A mosaic of Mariner 10 images showing the eastern 
part of the Caloris basin with its prominent ring named the Caloris 
Montes (A), the Odin Formation. (B), the Van Eyck Formation. (C), 
and the plains that fill the basin floor to the left (NASA Jet Propulsion 
Laboratory). 
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lower than about 15°. Figure 5.18 shows two such impacts 
on Mercury, craters Qi Baishi and Hovnatanian, both of 
which have asymmetric ejecta patterns. 

In many areas, some impact craters display ejecta 
deposits that are distinctly darker than the surrounding 
plains, suggesting penetration through a bright mantle to 
excavate darker underlying materials (Fig. 5.19). Like 
dark-halo craters on the Moon, these craters on Mercury 
might reflect mafic volcanic materials thinly mantled with 
brighter material, comparable to lunar cryptomaria. 


5.5.3 Multi-ring basins 


Multi-ring basins are common on Mercury and most pre- 
date the intercrater plains deposits. Two of the best pre- 
served multi-ring basins are the Caloris and Rembrandt 
impact structures. The Caloris basin was discovered and 
described from Mariner 10 images, but with less than half 
of 1t being seen (Fig. 5.20). Caloris was fully imaged by 
MESSENGER (Mutrchie et al., 2008; Fig. 5.21), and was 
found to have a main ring zone 1,550 km in diameter by as 
wide as 250 km. This ring zone includes massifs that stand 
1—2km above the surrounding plains. The massifs are 
considered to be blocks of crust uplifted by the impact 
and are defined as the Caloris Montes Formation 
(Fig. 5.22). Plains units are found among the massifs 
and are thought to be fall-back ejecta, and perhaps melt 
deposits, from the impact that formed the basin. Radially 





Figure 5.21 A mosaic of the Caloris basin using Mariner 10 images on 
the east (right) side that were taken under low Sun-angle 
illumination and MESSENGER images (left) under near full-Sun 
illumination. The inner dashed circle shows the basin diameter 
inferred from the Mariner 10 data, while the larger dashed circle 
shows the main ring diameter of 1,550 km derived from the more 
complete data. The arrow marks “the spider,” officially named 
Pantheon Fossae, shown in Fig. 5.25 (NASA MESSENGER images). 





Figure 5.22. A Mariner 10 view of the Caloris Montes, the main 
ring of the basin; area shown is about 730 km across (NASA 
Mariner 10 FDS 229). 





Figure 5.24. Smooth plains fill the floor of the Caloris basin (left half 
of image) and embay the Caloris Montes (right side). The plains show 
ridges, troughs, and fractures reflecting deformation of the inferred 
volcanic deposits; the area shown is 275 km across (NASA Mariner 10 
FDS 110). 


textured terrain to the northeast of the basin marks the Van 
Eyck Formation (Fig. 5.23), while hummocky and dark 
knobby terrain to the east comprises the Odin Formation; 
both units are considered to be facies of the Caloris ejecta 
deposits. MESSENGER data show that the rim deposits, 
intermontane materials, and ejecta facies all have the same 
spectral properties, suggesting that they have the same 
composition. 


Mercury 





Figure 5.23. A view of the northeast side of the Caloris basin, 
showing the radial lineated terrain of the Van Eyck Formation, one 
of the ejecta facies of Caloris; the area shown is about 590 km across 
(NASA Mariner 10 FDS 193). 


The interior of the Caloris basin 1s floored with plains 
materials that commonly have ridges, troughs, and frac- 
tures (Fig. 5.24), similar in morphology to the smooth 
plains found elsewhere on Mercury. Unlike lunar mare 
deposits inside basins on the Moon, the Caloris plains are 
high in albedo and appear to lack iron oxide. The ridges 
are 50-300 km long and 1—12km wide, by 100-500 m 
high, and form roughly polygonal patterns. Many of the 
troughs have flat floors, suggestive of grabens, and tend to 
be either concentric with the Caloris rim or radial to the 
center of the basin. The origin of the basin floor plains is 
somewhat controversial, although most workers agree that 
the material is not associated with the Caloris impact 
because the plains are much younger, as indicated by 
low superposed impact crater frequencies. It is likely 
that the plains represent flooding by volcanic materials 
that deformed upon cooling to form the ridges and 
fractures. 

Figure 5.25 shows Pantheon Fossae, informally termed 
“the Spider,” because of the radial pattern of troughs (..e., 
fossae). Superposed on Pantheon Fossae is the 40 km in 
diameter impact crater Apollodorus, indicating that the 
fossae pre-date the impact. The troughs are considered to 
be grabens and about 230 have been mapped that con- 
verge near the center of the basin, suggesting that exten- 
sion of the basin-fill took place, perhaps as a consequence 
of magma intrusion. 

Analysis of images from Mariner 10 led to the discovery 
of an unusual terrain in the region antipodal (on the 
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Mariner 10 at the antipode to the Caloris impact basin. Crater 
rims are broken into massifs, and the intervening terrain consists 
of hills and valleys thought to have resulted from focusing of 
seismic energy. The smooth plains that fill the 150 km Petrarch 
crater (left side) have not been disrupted, indicating their 
emplacement after the Caloris impact (NASA Mariner 10 

FDS 27370). 


Figure 5.25. An oblique view of Pantheon Fossae, defined by the set 
of troughs that converge near the center of Caloris basin. The 
troughs are probably grabens, which would reflect extension of the 
smooth plains on the floor of the basin. Ejecta from the 41 km in 
diameter impact crater, Apollodorus, is superposed on the troughs 
and is dark, suggesting that it has excavated a material different 
from that of the smooth plains (NASA PIA 10635). 


opposite side) to the Caloris basin. Informally termed 
“weird terrain” by the science team, and now known as 
hilly and lineated terrain, this landscape covers some 
250,000 km? and consists of various hills and depres- 
sions, along with crater rims that have been broken into 
large blocks (Fig. 5.26). Pete Schultz and Don Gault 
(1975) estimated the energy that was generated from 
the Caloris impact and noted that seismic surface and 
body waves would travel around and through Mercury to 
focus at the antipode (Fig. 5.3). In this region, the crust 
would have been highly disrupted, with the surface lifted 
tens of meters vertically, breaking up the crust and lead- 
ing to the jostled appearance of the terrain. 

The Rembrandt basin was discovered during the 
second flyby of Mercury by MESSENGER (Fig. 5.27). 
As documented by Smithsonian planetary geologist 
Tom Waters and his MESSENGER science team col- 
leagues (Waters et al., 2009), this 715 km in diameter 
impact structure is about the same age as the Caloris 
basin but shows distinctive features indicative of a 
complex tectonic history. As with Caloris, the main Figure 5.27. A mosaic of MESSENGER images for 
ring 1s identified by an inward-facing scarp and massifs ee ee ee 

; comparable in age to the Caloris basin. Note the lobate 
that are more than | km high. Hummocky and radially scarp (arrow) that cuts across the basin (NASA MESSENGER 
textured ejecta are seen beyond the ring, especially to mosaic). 





the north and northeast, where illumination favors their 
detection on the available images. 

The interior of the Rembrandt basin is covered with 
smooth plains of inferred volcanic origin, although they 
might also be impact melt. However, multispectral data 
from MESSENGER show that the plains do not have the 
same properties as the rim and ejecta, suggesting a differ- 
ent composition, and more closely matching other plains 
units on Mercury that are considered to be volcanic. 
Regardless of origin, Waters and colleagues estimate that 
the amount of floor-fill must be at least 2 km thick, from 
the observation that ejecta from a crater 44 km in diameter 
on the basin floor (Fig. 5.16) has the same spectral proper- 
ties as the plains, which are different from those of the 
basin rim and basin ejecta deposits; thus, the crater did not 
excavate through the plains. The estimation of a minimum 
thickness of 2km is based on the depth of excavation 
resulting from a 44 km crater. 

The interior plains of Rembrandt display a well- 
developed pattern of tectonic deformation in the form 
of concentric ridges and radial troughs (inferred to be 
grabens) and ridges (Fig. 5.28). As with the Caloris 
basin, these features probably formed as the volcanic 
plains materials cooled. Superposition of smooth, lightly 
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Figure 5.28. An image mosaic of the southwest part of the plains in 
Rembrandt crater showing the radial troughs (arrows) that cut across 
concentric ridges; the area shown is 160 km across (NASA 
MESSENGER NAC 131766401M and 131766417M). 
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cratered plains over some of these features near the 
center of the basin suggests that plains emplacement 
and tectonic deformation were interspersed. The basin 
was later deformed by global-scale tectonics, as 1s evi- 
denced by the lobate scarp that cuts across the northwest 
part of Rembrandt (Fig. 5.27) and is more than 1,000 km 
long. 


5.5.4 Volcanic features 


The low resolution of the Mariner 10 images precluded 
the definitive identification of volcanism on Mercury. The 
smooth plains were inferred to be volcanic, not on the 
basis of distinctive features such as flows and vents, but 
more by default because there seemed to be no other 
mechanism to explain their relative youth. For example, 
while impact melt and ejecta deposits can form smooth 
deposits, the smooth plains in the Caloris basin are much 
younger than the impact that formed the basin, and there 
are no young, large impact structures that could account 
for their emplacement as ejecta. 

Hints of volcanic origins for some smooth plains came 
from carefully processed Mariner 10 color data, which 
show that some smooth plains embay older terrains and 
have different spectral properties. These results are now 
confirmed with MESSENGER multispectral data and 
images that clearly show numerous morphologic fea- 
tures indicative of volcanism, including vents and lobate 
lava flows. For example, Fig. 5.29 shows a feature ana- 
lyzed by Jim Head of Brown University and colleagues 
(Head et al., 2008) in the Caloris basin. It includes a 
dome or shield-shaped structure about 80 km by 60 km 
that includes irregular-shaped depressions surrounded 
by bright material with diffuse margins. This feature is 
interpreted as a volcano with multiple vents, some of 
which erupted bright pyroclastic materials. This is only 
one of several similar structures imaged in the southern 
part of the Caloris basin. Similar features are seen in 
other areas of Mercury, including pits that could repre- 
sent collapse over magma chambers and explosive vents 
(Fig. 5.30). 

Intrusive activity also has probably taken place in 
Mercury’s crust, as possibly reflected in floor-fractured 
craters similar to those seen on the Moon. Some of the 
ridge structures, described below, could be the surface 
expression of dikes, as might be the troughs of Pantheon 
Fossae (Fig. 5.25). 
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Figure 5.29. A volcano and vent complex in the Caloris basin, as 
mapped by Head et a/. (2008), showing a dome or shield structure 
and various irregular-shaped depressions (vents). The bright halo is 
thought to be a deposit of pyroclastic materials (NASA MESSENGER 
EN0108826812M and EN108822877M). 





Figure 5.31. Discovery Rupes is more than 500 km long and cuts 
across the terrain including craters Rameau (A, 55 km in diameter) 
and crater B; the arrow points to a small dome that could be a 
volcanic construct (NASA Mariner 10, from Davies et a/., 1976). 


Although conclusions await full analysis of 
MESSENGER data, initial results suggest that the style 
of mercurian volcanism was similar to that on the Moon in 
that it involved massive eruptions of flood lavas (but with 
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Figure 5.30. An oblique view of irregularly shaped pits on the floors 
of two craters, suggested to represent collapse over magma 
chambers; the area shown is about 200 km across (NASA MESSENGER 
NAC 162744290, NASA PIA 12284). 


compositions low in iron and titanium), accompanied by 
local pyroclastic activity. Volcanism on Mercury 1s set 
apart from volcanism on Earth, Venus, and Mars by the 
apparent absence of large shield volcanoes. 


5.5.5 Tectonic features 


Mercury’s crust has been subjected to tectonic deforma- 
tion that has led to the formation of a variety of surface 
features, including scarps and ridges of various shapes, 
including arcuate, lobate, and linear forms. Mapping these 
features and assessing their ages in relation to the terrain 
that they cut can provide clues as to the style and timing of 
tectonic processes in different regions of Mercury. 

Lobate scarps form tongue-like margins, range in 
length from 100 to >1,000km, and can be as high as 
2 km. Although some lobate scarps superficially resemble 
lava flows, most investigators consider the scarps to be 
faults, perhaps controlled by earlier tectonic patterns. 
Other scarps are arcuate in planform or consist of short 
linear segments. Figure 5.31 shows Discovery Rupes, a 
typical mercurian scarp that cuts across large craters. 
Scarps, such as Vostock Rupes, can shorten the circum- 
ference of the craters they cut across, suggesting thrust- 
fault movement (Fig. 5.32). 

In general, the various types of scarps are thought to 
represent compressional deformation that occurred as 
Mercury cooled and shrank. Careful mapping and inde- 
pendent analytical modeling resulted in the same 





Figure 5.32. Vostock Rupes (arrow) cuts across the 65 km in diameter 
crater Guido D’Arezzo, foreshortening the rim and suggesting 

5-7 km thrust-fault displacement resulting from compression (NASA 
Mariner 10 FDS 27380). 


conclusion that cooling and shrinkage of Mercury’s mas- 
sive iron core led to a 1—2 km decrease 1n planetary radius 
and the subsequent foreshortening of the crust. 
Alternatively, it has been suggested that tidal “despin- 
ning” could have generated compressional stresses to 
form the scarps. In this case, compressional stresses 
would have been east-west, with northwest—northeast 
linear shear and north—south thrusting in the crust. 

Ridges occur in many regions and geologic settings on 
Mercury. They are positive relief features (in contrast with 
the “stepped” scarps) that are as long as 400km, with 
heights that can exceed 700m and widths of up to 
35km, and can closely resemble mare ridges on the 
Moon (Fig. 5.8). Although some ridges are found in 
intercrater plains, most occur in smooth plains deposits 
and within the floor-filling materials of impact basins. 
Like scarps, ridges also are considered to represent tec- 
tonic compression, although perhaps on a more local 
scale. For example, ridges within Caloris and other basins 
could reflect settling of lava or impact melt toward the 
center of the basin, leading to concentric ridge patterns. 
Ridges not associated with basin interiors could have 
formed in response to the proposed global shrinkage of 
Mercuty. 

Many investigators have mapped the distribution of the 
types and ages of the various scarps and ridges using 
Mariner 10 data in attempts to place constraints on the 
interior evolution of Mercury. These studies, however, 
have been hampered by the lack of a global data set and 
the low resolution of the data. No doubt, these studies will 
be revisited using MESSENGER global data and the abil- 
ity to derive better age relations among the structures and 
the associated units. 
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5.5.6 Gradation features 


An extremely thin “cloud” of sodium, oxygen, potassium, 
and calcium is found above Mercury’s surface, constitut- 
ing an “atmosphere” (perhaps more properly called an 
exosphere) around the planet. However, it is so thin 
that in terms of geologic processes it 1s insignificant. 
Moreover, there is no evidence to suggest that Mercury 
has ever had an atmosphere that could support surface 
processes related to wind or liquid water. Consequently, 
Mercury’s surface is the result primarily of impact, vol- 
canic, and tectonic processes, much like the surface of 
Earth’s Moon. However, some gradation does occur by 
space weathering as described in Section 3.5.1, a process 
that is ubiquitous on airless bodies. Moreover, images 
show features resembling landslides in some areas, such 
as on the walls of some impact craters. 

Impact cratering at all scales leads to gradation, espe- 
cially in the airless environment of Mercury. As on the 
Moon, impact-generated debris forms a fragmental sur- 
face layer of regolith. 


5.6 Geologic history 


Geologic mapping of Mercury led to the establishment 
of a formal five-fold time-—stratigraphic sequence 
(Table 5.1). From oldest to youngest, the sequence con- 
sists of the Pre-Tolstojan System, Tolstojan System, 
Calorian System, Mansurian System, and Kuiperian 
System, with names derived from the type localities for 
each system. 

Mercury, along with its sibling terrestrial planets, 
formed by accretion of smaller bodies, leading to global 
heating, the likely formation of a magma ocean, and sub- 
sequent differentiation into a core, crust, and possible 
mantle. The accretion of a high percentage of iron led to 
Mercury’s very large core. As on the Moon, the earliest 
geologic record on Mercury (pre-Tolstojan) consists of the 
heavy cratered terrain, reflecting sufficient solidification 
of the crust over the inferred magma ocean to record the 
heavy bombardment. Some intercrater plains were prob- 
ably emplaced at this time. Cooling and solidification of 
Mercury could have established some of the earliest tec- 
tonic patterns of the evolving crust. The Tolstoj impact 
basin marks the base of the Tolstojan System. Throughout 
this system, the formation of numerous large craters and 
basins, such as Beethoven, reflects the waning stages of 
heavy bombardment in the inner Solar System. 
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Table 5.1. Time-stratigraphic sequence for Mercury (after Spudis and Guest, 1988) 

Age of base 
System Major units? of system* Lunar counterpart” 
Kuiperian Crater materials 1.0Ga Copernican 
Mansurian Crater materials, smooth plains 3.0-3.5 Ga Eratosthenian 
Calorian Caloris Group; plains, crater, small-basin materials 3.9Ga Imbrian 
Tolstojan Goya Formation; crater, small-basin, plains materials 3.9-4.0 Ga Nectarian 
Pre-Tolstojan Intercrater plains, multi-ring basin, crater materials pre-4.0 Ga Pre-Nectarian 


“ Approximate ages based on the assumption of a lunar-type impact flux history on Mercury. 
° Included for reference only; no implication of exact time correlation is intended. 


Ejecta from the Caloris impact basin (the Van Eyck and 
Odin formations) serves as the primary stratigraphic hori- 
zon for Mercury’s geologic history (similarly to the Fra 
Mauro Formation on the Moon) and the start of the 
Calorian Period. The hilly and lineated terrain in the region 
antipodal to the Caloris basin 1s considered to have resulted 
from focusing of seismic energy from the impact. The 
Caloris and Rembrandt basins reflect the termination of 
impacts by large objects. Continued cooling and contrac- 
tion of Mercury generated additional compressional fea- 
tures, such as the scarps (rupes) and mare-type ridges. 

Fresh craters lacking bright rays and volcanic floods of 
lava that formed many of the smooth plains on Mercury 
record the Mansurian Period, the start of which is defined 
by the impact of crater Mansur. The paucity of superposed 
impact craters on the smooth plains indicates the relative 


Assignments 


1. Compare and contrast the mercurian smooth plains 
with lunar maria. 


2. Discuss the missions that have returned data from 
Mercury (flyby, orbiter, lander, etc., dates of operation, 
scientific payload, and principal scientific results). 


3. Describe the differences in morphology between 
rupes on Mercury, ridges on Mercury, and “wrinkle 
ridges” on the Moon. 


4. Explain how a global geologic map could be derived 
for Mercury with currently available data; include how 


youth of Mansurian-age materials and is roughly analo- 
gous to the lunar Eratosthenian System in its character- 
istics. The youngest geologic units are keyed to young 
bright-rayed craters, for which Kuiper is the type example, 
and mark the initiation of the Kuiper Period. This period 1s 
modeled on the lunar Copernicus Period. 

This sketch of Mercury’s geologic history no doubt will 
be refined with the analysis of MESSENGER data in the 
coming years. It 1s likely that many of the units and 
terrains identified on Mariner 10 data will be seen to be 
more complex and subject to subdivision. Not only will 
units be better mapped and characterized using higher- 
resolution images and compositional data, but also the 
ability to obtain precise altimetry and crater counts will 
provide a better understanding of the age relations among 
the units. 


units could be defined and placed in a stratigraphic 
sequence. 


5. Discuss the evidence for the hypothesis that Mercury 


“shrank” in size during its evolution and explain how 
such shrinkage could have occurred. 


6. Mercury and the Moon are both “airless” bodies, yet 


impact craters of the same diameter have different 
morphologies. Describe these differences and offer 
an explanation for the differences. 
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CHAPTER 6 


Venus 


6.1 Introduction 


After the Sun and the Moon, Venus is the brightest object 
in the sky, a consequence of sunlight being reflected from 
its dense clouds. The planet’s diameter, mass, and gravity 
are nearly the same as those of Earth (Table 1.1). Along 
with the presence of an atmosphere, these characteristics 
led some observers to refer to Venus as Earth’s sister 
planet. Even as late as the 1960s, some serious researchers 
thought that the surface of Venus was a wet, tropical 
environment, possibly teaming with life. 

With the dawn of the Space Age, Venus was revealed to 
be substantially different from Earth. The surface temper- 
ature is a hellish 480 °C and exceeds the melting point of 
lead, while the dense carbon dioxide atmosphere is laced 
with droplets of sulfuric acid that form dense clouds and 
exerts a surface pressure of 95 bars, comparable to being 
underwater on the sea floor of Earth at a depth of 900 m. 
This leads some wags to refer to Venus as Earth’s evil 
sister. On the other hand, the geomorphology of Venus 
displays features indicative of extensive tectonic and vol- 
canic processes (Fig. 6.1), some of which are similar to 
those on Earth and could be active today, and a surface age 
of no older than about 750 Ma, much like most of the 
surface of Earth. 














6.2 Venus exploration 


In the early 1600s, Galileo trained his primitive telescope 
on Venus and noted that the planet has lunar-like phases, 
lending further credence to the Copernican Sun-centered 
model of the Solar System. In the 1880s, the Russian 
astronomer Lomonosov noted that Venus exhibits a gray 
halo when viewed against the Sun, and he correctly 
inferred that Venus has an atmosphere. Improvements in 
telescopes and the use of spectroscopy in the middle of the 





twentieth century demonstrated that the atmosphere is 
predominantly carbon dioxide with small amounts of 
water, but that the clouds were unlikely to be composed 
of water droplets or ice crystals. 

Earth-based radar observations enabled estimates of the 
extremely high surface temperatures that were later con- 
firmed by spacecraft. This led to the formulation of the 
runaway greenhouse model by Carl Sagan and Jim 
Pollack. In this model, solar energy penetrates the clouds 
and is reflected from the surface but cannot escape back to 
space, which 1s similar to the processes that keep green- 
houses on Earth warm. Radar data also enabled refinement 








of knowledge of the orbital characteristics of Venus, 
showing that the planet rotates extremely slowly on its 
axis; one day on Venus is equal to more than 116 Earth 
days. Moreover, the direction of rotation is the opposite of 
its orbit around the Sun, meaning that Venus is in retro- 
grade rotation. 

Because of its close proximity to Earth, a great many 
missions have flown either to Venus or past the planet on 
the way to other destinations (Table 6.1). Because visible 
imaging of the surface is precluded by clouds, most of 
these missions focused on atmospheric sciences rather 
than geoscience. Some of the earliest missions of direct 
geologic interest were the successful Soviet Venera land- 
ers. Although the landers operated for less than two hours 








each, these were remarkable engineering successes, given 





the extremely hostile surface environment. For example, 
in the 1970s Veneras & and 9 were soft landers and 
returned the first pictures directly from the surface 
(Fig. 6.2), along with data on rock compositions. So little 
was known about the surface conditions that lights were 
carried on the landers to illuminate the terrain for taking 
pictures because of the possibility that little sunlight 
would reach the surface. As subsequent results showed, 
the lights were unnecessary, but it was a wise precaution 
nonetheless. 
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6.2 Venus exploration 


Table 6.1. Selected missions to Venus (all by the USSR except where indicated otherwise) 
Spacecraft Arrival date _—_ Type of vehicle 
Venera 1 May 1961 Flyby 
Mariner 2° Dec. 1962 Flyby 
Venera 4 Oct. 1967 Descent vehicle and flyby 
Venera 5 May 1969 Descent vehicle and flyby 
Venera 8 Jul. 1972 Soft lander and flyby 
Mariner 10° Feb. 1974 Flyby 
Venera 9 Oct. 1975 Soft lander and orbiter 
Venera 10 Oct. 1975 Soft lander and orbiter 
Pioneer Venus probes* Dec. 1978 One large and three small probes and orbiter 
Venera 11 Dec. 1978 Lander and flyby 
Venera 12 Dec. 1978 Lander and flyby 
Venera 13 and 14 Mar. 1982 Landers and flybys 
Venera 15 and 16 Oct. 1983 Orbiters 
Vega 7 and 2 Jun. 1985 Landers and flybys 
Magellan® Aug. 1990 Orbiter 
Venus Express” Nov. 2006 Orbiter 
“NASA. 
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Figure 6.1. Mosaics of Magellan radar 
images with selected named features 
and regions (PIA 00157, 158, 159, and 


images). 
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From orbit, only the long wavelength of radar (Fig. 2.14) 
can penetrate the thick clouds of Venus to reveal the surface. 
In 1978, the NASA Pioneer Venus spacecraft began orbit- 
ing the planet and mapping the topography with a radar 
altimeter, giving the first near-global perspective of Venus. 
Figure 6.3 shows the general physiography and some of the 
principal named features. Because Venus is in retrograde 
motion, longitude increases toward the east, as set by con- 
ventions of the International Astronomical Union. The 
prime meridian for Venus, or the planet-fixed reference for 
longitude, passes through the central peak of crater Ariadne, 
southwest of Alpha Regio. Pioneer Venus also obtained 
information on gravity distributions and sub-meter surface 
roughness related to rocks, lava textures, and fractures. 

Pioneer Venus data showed important differences in the 
distribution of elevations in comparison with Earth, sug- 
gesting some fundamental differences 1n interior and sur- 
face processes (Fig. 6.4). Analysis of the topography 
enabled major terrains to be discerned, including rift 
belts similar to those on Earth. 
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Figure 6.1. (cont.) 


In addition to providing new data from orbit, Pioneer 
Venus ejected four entry probes that plunged through the 
dense atmosphere, measuring the temperature and pres- 
sure as a function of altitude and providing some informa- 
tion on atmospheric compositions and near-surface winds. 
Of particular note was the measurement of a key isotopic 
ratio, D/H (deuterium-to-hydrogen), indicating that Venus 
might once have had extensive water on the surface 
(Donahue et al., 1982), perhaps including vast oceans, 
which has subsequently been lost. 

The first clues to the geomorphology of individual sur- 
face features came from the Soviet Venera 15 and 16 space- 
craft in the early 1980s. These orbiters carried synthetic 
aperture radar (SAR, Fig. 6.5) imaging systems operating at 
wavelength 8cm and giving images of resolution 1—2 km 
for about 25% of the surface. Venera 15 and 16 provided the 
first clues as to the variety of volcanic landforms, impact 
craters, and tectonic features. However, the data suggested 
the absence of the signatures of plate tectonics. A few 
years later, the Soviet Vega J and 2 spacecraft flew past 
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Venus on the way to rendezvous with Comet Halley. Both 
Vega I and Vega 2 ejected balloons into the venusian 
atmosphere and provided additional information on atmos- 
pheric characteristics, including wind patterns through 
careful tracking of the balloon paths. Vega I and 2 also 
sent landers to the surface, which provided additional meas- 
urements of surface compositions. 

NASA’s Magellan spacecraft began orbiting Venus in 
1990 and returned 12.6cm wavelength SAR images with 
spatial resolution 120-300m. A spare antenna from 
the earlier Voyager mission was used both for radar map- 
ping and for data return to Earth. As shown in Fig. 6.6, the 
spacecraft was in a near-polar orbit, with radar mapping 
taking place when the Magellan spacecraft was closest to 
the planet and data return to Earth occurring for 
the remainder of each orbit. In addition to high-quality 
images, data were returned on surface emissivity (which 
is partly a function of composition), surface roughness at 
the sub-meter scale, and ground elevations with 80m 





6.2 Venus exploration 
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Figure 6.1. (cont.) 


vertical resolution and ~10km spatial resolution. The 
obtaining of “right-looking’” SAR data on one orbit and 
“‘left-looking’”’ SAR data on a subsequent orbit meant that 
some images can be viewed stereoscopically and used for 
detailed topographic and stratigraphic studies. At the con- 
clusion of the mission, more than 98% of the planet had 
been imaged, and the absence of signs of plate tectonics 
was confirmed. The Magellan data remain the primary 
source for understanding the geomorphology of Venus. 

Missions following Magellan include the ESA’s 
Venus Express and flybys of Venus by the MESSENGER 
spacecraft, both of which returned additional information 
on the atmosphere but little geologic data for the 
surface. However, the Visible Infrared Thermal Imaging 
Spectrometer (VIRTIS) on Venus Express returned 
low-spatial-resolution information for surface composi- 
tions over some areas. In May 2010, JAXA launched 
the Venus Climate Orbiter, named Akatsaki, but in 2011 
the spacecraft failed to go into orbit. 
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Figure 6.1. (cont.) 


Figure 6.2. Views of the surface of Venus from the 
Soviet Venera landers: (a) Venera 9 site on the 
northeastern flank of Beta Regio, showing 
moderately rounded rocks set in finer-grained 
soils; the horizon is visible in the upper right; 

(b) Venera 70 on the eastern flank of Beta Regio; 
(c) Venera 13; and (d) Venera 14, both in the 
southern part of Beta Regio. The Venera 70, 13, 
and 74 sites show flat outcrop surfaces, with some 
loose, platey slabs. Compositional measurements 
suggest mafic rocks at all four sites. The Venera 13 
and 74 images were obtained in color, in which 
the terrain and sky have a yellow-greenish tint, as 
a result of sunlight passing through the sulfuric 
acid clouds. In these views, the edge of the 
spacecraft is visible and the spacing between the 
“teeth” is 5cm. 
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Figure 6.3. A topographic map of Venus derived from Pioneer Venus altimetry, showing names of major regions, including highland plateaus 
such as Aphrodite Terra, and the location of the Venera and Vega (V) landing sites. 
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Figure 6.4. Hypsometric diagrams of elevations showing 
the unimodal distribution on Venus and the bimodal 
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6.3 Interior characteristics 
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Information is very limited for the interior of Venus. In the 
absence of seismic data, we must use geophysical models 
that are based on (1) planetary characteristics (such as 
orbit and spin periods), (2) gravity distributions, (3) top- 
ography, and (4) surface compositions. For example, com- 
positional measurements from the Venera and Vega 
landers indicate that basaltic plains and possibly more 
silica-rich uplands exist, supporting the notion that 
Venus has experienced differentiation. Thus, because it 
is a rocky object of nearly the same size as Earth, it is 
likely that Venus has a core, mantle, and crust and that 
radioactive materials generate interior heat. Some planet- 
ologists suggest that the core is solid, while others 


Figure 6.5. A diagram showing how data are collected for 
radar imaging; pulses of radar energy are sent from the 
spacecraft to the surface, where some energy is reflected 
back to the spacecraft, depending on the terrain, surface 
roughness, and other factors. The signal is then 
synthesized to produce images, such as those from the 
Magellan mission. 


_Periapsis 
| 289 km 
(9.5° latitude) 


: Period = 3.26 hr 


Figure 6.6. Magellan used one antenna for radar mapping 
and return of data to Earth; this diagram shows a typical 
orbit for the mapping phase and the “downlink” phase to 
Earth, with each phase separated by a short time when the 
spacecraft was turned to face either Venus (for mapping) 
or Earth (for downlink); observations of known stars were 
used to determine the precise position of the spacecraft, a 
technique commonly used in planetary missions. 


consider core formation and solidification to still be taking 
place now. 

Given the overall interior configuration, we might spec- 
ulate that the planet has a magnetic field, but in fact it does 
not. Although it is tempting to suggest that the slow rotation 
rate of Venus precludes an Earth-like dynamo, geophysical 
models indicate that this cannot explain the lack of an active 
magnetic field, and its absence remains a puzzle. 

The topography of the venusian upland plateaus appears 
to be isostatically compensated, suggesting crustal thick- 
nesses of 20-40 km. As reviewed by planetary geophysicist 
Sue Smrekar and colleagues (Smrekar et al., 2007), the very 
low water content inferred for the interior from the Pioneer 
Venus data 1s thought to have a large influence on the rheol- 
ogy of the interior materials. For example, the low water 
content would suggest a much stronger lithosphere than on 


Earth and that the “slippery” zone, or asthenosphere, of the 
upper mantle is probably absent. This would reduce the 
possibility for plate tectonics and perhaps result in a stagnant 
“lid” for capping heat loss from the interior, which could lead 
to the formation of individual plumes, or hot spots. 





6.4 Surface compositions 


Information on venusian surface compositions comes 
mostly from the Soviet missions and from the Venus 
Express VIRTIS mapper. Because of operational con- 
straints, the Venera and Vega landing sites are restricted 
mostly to the equatorial regions (Fig. 6.3). The Venera sites 
are on the eastern flanks of Beta Regio, a major upland 
region, while the Vega sites are on Rusalka Planitia near 
Aphrodite, another major upland. Measurements from most 
of the lander sites show that the rocks are similar to basalts 
found on Earth’s sea floor (Fig. 6.7). It is important to note 
that the 300 km radius uncertainty in the exact location of 
the Venera and Vega landing sites makes the geologic 
context poorly constrained. 

The Venera & site 1s particularly important because it 
has a very high thorium content, which is indicative of 
significant chemical differentiation. In addition, its high 
potassium content is comparable to that of felsic rocks on 
Earth, suggesting to some investigators the presence of 
granite-like materials and the idea that the upland plateaus 
might be roughly comparable to Earth-like continents. 
However, the Soviet instruments used to measure surface 








compositions were developed decades ago, and the 
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6.5 Geomorphology 


quality of the data is not as good as can be obtained with 
current technologies. Nonetheless, the generally basaltic 
compositions for most of the landing sites are consistent 
with the recent VIRTIS data from the Venus Express 
orbiter. Until new missions are flown to the surface of 
Venus, the Venera and Vega landers provide the only data 
from direct surface measurements. 

Radar data reveal upland regions, such as Maxwell 
Montes, to have surprisingly low emissivities. These 
regions are thought to represent some unusual surface 
compositions. One possibility is that the rocks are coated 
with materials that form only where the temperatures and 





pressures are lower at the high elevations on Venus. 
Although intuitively strange, the term metallic “frosts” 
has been used to suggest that volatile metals such as 
tellurtum and bismuth might be deposited on surface 
materials, which would then yield low radar emissivities. 
Others have suggested that concentrations of minerals 
such as pyrite could explain the radar signatures and that 
wind-winnowing and removal of lower-density grains 
could leave a lag surface of higher-density minerals; how- 
ever, remarkably large amounts of pyrite would be 
required in order to explain the radar signatures. 


6.5. Geomorphology 


6.5.1 General physiography 


The first hints of the major terrains on Venus came from 
Earth-based radar data (Fig. 6.8) mn which certain distinctive 
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Figure 6.7. Venus compositions from Venera 
and Vega measurements compared with 
Earth mid-ocean-ridge basalts (MORB), 
basalts in Gusev crater on Mars, martian 
meteorites, and lunar basalts (after Treiman, 
2007). 
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Figure 6.8. An Earth-based radar image showing Beta Regio 
provided the first hints of tectonic and volcanic features, suggested 
by the linear radar-bright fractures connecting zones with radial 
patterns thought to be volcanoes (Arecibo Observatory image 
courtesy of Don Campbell of Cornell University). 


radar-bright terrains were identified and named, such as the 
“Alpha” and “Beta” regions. Except for these and a few 
other features, names on Venus are of feminine derivation. 

Key to understanding the general geomorphology and 
surface processes of any planet are topographic data, as 
provided by the Pioneer Venus and Magellan spacecraft. 
Because Venus lacks an ocean today, the topographic 
reference datum is the mean planetary radius. Figure 6.4 
graphs the distributions of elevations for Venus compared 
to Earth. The bimodal distribution on Earth reflects the 
continents and the sea floors, as well as differences in 
densities between the felsic and mafic crusts. In contrast, 
the distribution on Venus is unimodal and shows that 
about 60% of the topography is within 500m of the 
datum, with less than 5% being more than 2 km above 
datum. This suggests that there are some fundamental 
aspects of mountain-building and tectonic processes that 
are different from those of Earth. 

The late planetary geologist Hal Masursky and his 
colleagues defined three principal terrains for Venus on 


Venus 


the basis of topographic mapping: highlands, which stand 
above 2km elevation and make up 8% of the planet, 
upland rolling plains, which are between 0 and 2km 
elevation and constitute about 65% of Venus, and lowland 
areas, which are below the 0km datum and represent 
about 27% of the surface. Both the highlands and parts 
of the rolling plains are generally radar-bright, while the 
lowland plains are typically radar-dark, suggesting low- 
backscatter surface materials such as smooth lava flows 
and fine-grained sediments. 

The mountains Maxwell Montes at 65.2° N, 3.3° E are 
nearly 800 km across and rise in elevation to 11.5 km, mak- 
ing this the highest feature on Venus. It is part of Ishtar Terra, 
a plateau that is a few kilometers above datum. The other 
large upland region is Aphrodite Terra, which stretches 
along the equator eastward from Ovda Regio more than 
10,000 km to the east. This region rises gradually from the 
lowland plains and in places nearly reaches 6 km high. 

Chasmata, or rift valleys, are found along the equator 
and in the southern hemisphere and represent crustal 
extension. The lowest area on Venus is Diana Chasma, a 
trench 2 km deep centered at 14° S, 156° E. Venus, there- 
fore, has a maximum relief of about 13 km, which can be 
compared with the relief on Earth of 20km (measured 
from the peak of Mount Everest to the bottom of the 
Mariana Trench on the floor of the Pacific Ocean). 
Because surface temperature and atmospheric pressure 
vary with elevation, the venusian summit regions average 
374 °C at 41 bars, while the lowlands are at 465 °C and 96 
bars. This range in conditions could lead to differences in 
surface chemistry, as noted for the high radar emissivities 
seen at higher elevations, as well as in geomorphic pro- 
cesses. For example, winds at the higher elevation might 
need to be stronger to entrain particles than at lower 
elevations because of the lower atmospheric densities. 


6.5.2 Impact craters 


Circular-shaped features on Venus were first detected on 
Earth-based radar images and were inferred to be impact 
scars, the existence of which was confirmed by Venera 15 
and /6 data. The higher-resolution Magellan images 
revealed fewer than 1,000 impact structures, ranging 
from 1.5 km to 270 km in diameter. The craters appear to 
be randomly distributed globally and their paucity sug- 
gests a surface age of about 750 Ma or less, as reviewed by 
planetologist Bill McKinnon et al. (1997). 

Venusian impact craters 10km to ~50 km in diameter 
are Classified as complex, being typified by Adivar crater 
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Figure 6.9. Impact crater Adivar is 30km in diameter and has typical 
features for complex craters on Venus, including a scalloped outline, 
terraced walls, and a central peak. The continuous ejecta is radar- 
bright, indicative of a rough surface, while the radar-bright 
horseshoe-shaped zone beyond the continuous ejecta and the “tail” 
of bright ejecta extending to the left both indicate the influence of 
the prevailing winds toward the west (left) at the time of the impact 
(NASA Magellan P-38387). 


(Fig. 6.9), which has a scalloped rim, central peak, and flat 
floor. Except for the floor deposits, Adivar’s rim and inner 
wall are radar-bright, a consequence of the rugged, irreg- 
ular topography. The continuous ejecta deposits are 
sharply defined by a distinct outer boundary and are 
radar-bright, which is indicative of rocky debris. The 
“tail” and the horseshoe bright zone extending toward 
the west are ejecta deposits that were caught by prevailing 
winds from the east at the time of the impact and carried 
westward for deposition. 

Craters larger than 50-60km in diameter transition 
from complex features to multi-ring structures, such as 
the 150km in diameter Meitner in the southern 


6.5 Geomorphology 
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Figure 6.10. A Magellan image of the 150 km in diameter Meitner 
crater, a typical multi-ring impact structure on Venus (NASA 
Magellan C1 MIDRP60S319). 


hemisphere (Fig. 6.10). Radar-dark flat surfaces are seen 
on the floor and between the inner ring and the main rim, 
while the continuous ejecta deposits extend only about 
50 km beyond the rim, evidently a result of the high sur- 
face gravity on Venus and dense atmosphere which would 
retard the trajectories of the ejecta. 

Even before radar data were available from spacecraft, 
there was speculation that small craters would not be 
found on Venus. The reasoning was that the dense atmo- 
sphere would fracture small incoming objects into small 
pieces, or perhaps even consume them. The smallest 
obvious impact crater seen in Magellan data is about 
1.5 km across; and, as speculated, it appears that incoming 
objects do break apart into smaller pieces that reach the 
surface to form a cluster of craters, much like the blast 
from a shotgun (Fig. 6.11). Thus, craters smaller than 10— 
20km in diameter have irregular outlines and floors, 
unlike the simple bowl-shaped craters of this size seen 
on other terrestrial planets. 

For some inferred impact features, there are no obvious 
topographic depressions, but only a radar-dark zone on 
the surface (Fig. 6.12). It 1s thought that as smaller bolides 
pass through the dense atmosphere they are so fragmented 
that only the shock wave and, perhaps, fine material 
reaches the surface, leaving the blast-scars visible 
on images. 


Venus 





Figure 6.11. This impact structure, named Lilian, is in the Guinevere 
region and consists of four smaller crater-forms formed from the 
breakup of a bolide as it passed through the dense Venus 
atmosphere (NASA Magellan P-38290). 


One consequence of the high surface temperature 1s the 
formation of impact melt deposits as ejecta (Fig. 6.13). 
These have the appearance of lava flows and are found in 
association with many impact craters on Venus. 


6.5.3 Volcanic features 


The surface of Venus is dominated by volcanic and tec- 
tonic features reflecting an extensive history of internal 
processes. Volcanic features include vast lava plains, 
cones, domes, and huge shield structures (Head et al., 
1992). Major volcanic provinces include Western Eistla, 
Atla Regio, Beta Regio, and Bell Regio, all of which are 
topographically high and have been modified by exten- 
sional tectonism. While most of the volcanic features are 
probably basaltic, given their morphology and composi- 
tional information, some volcanoes might include more 
silica-rich lavas. 

Many planetary geologists have studied and mapped the 
venusian plains. Unfortunately, some of the terms and 
descriptions are not used consistently, and the different cat- 
egories overlap. For simplicity, the volcanic plains form flat, 
smooth surfaces that are radar-dark and are found mostly in 
the lowlands and rolling uplands. Venera 9, 10 and 13 and 
Vega I and 2 all landed on plains deposits and returned data 


Figure 6.12. A Magellan image of a radar-dark “scar” left by an 
object that broke apart before reaching the surface; the area shown 
is 290 km across (NASA Magellan C1 MIDR 45N350). 


indicative of basaltic compositions. Radar backscatter prop- 
erties (the dark appearance on radar images) and views from 
the landers (Fig. 6.2) suggest that some plains are mantled 
with clastic materials, which could be windblown sediments, 
ejecta deposits, basaltic materials from in situ weathering, or 
some combination of these materials. 

Most of the volcanic plains have no obvious vents, but a 
few distinctive depressions with sinuous channels are 
thought to be eruption sites (Fig. 6.14). Plains units 
show distinctive lobate flows of volcanic origin and dis- 
play differences in radar brightness (Fig. 6.15) that are 
attributed to differences in surface textures, such as pahoe- 
hoe, aa, or block flows. 

How were the vast lava plains emplaced? Although 
hints of volcanic channels on Venus were seen on 
Venera 15 and 16 images, the Magellan mission showed 
these features in detail (Figs. 6.14 and 6.16). More than 
200 channels have been identified, some of which are as 
long as 6,800 km. Such a great length requires that the lava 
remained molten for a substantial length of time. At first, 
we might think that the high surface temperatures would 
allow the flows to retain heat, but, as discussed in the 
analysis by Head and Wilson (1986), this effect would 
be offset by the dense atmosphere that would conduct heat 
efficiently away from the surface. In attempts to resolve 
the issue, lavas other than basalt have been considered, 
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Figure 6.13. This 90 km in diameter impact crater, Addams, shows a 
massive “outflow” lobe of ejecta melt extending 550 km to the 
bottom of the image; such morphologic features are not seen on any 
planetary surface other than Venus (NASA Magellan F-MIDR 
558097). 


including compositions that are high in magnesium and 
iron (called “ultramafic”’), such as komatiite, which is 
thought to erupt at high temperatures and 1s of low vis- 
cosity. Even more exotic lavas, such as liquid sulfur and 
carbonatite, have also been considered. Carbonatite 1s 
molten carbonate of magmatic origin and has been 
observed erupting at the Oldoinyo Lengai volcano in 
Tanzania, where its physical properties were measured, 
including its very low viscosity. In any event, it is likely 
that lava tubes, or crusted surfaces on flows through lava 
channels, were important to retain heat and enable con- 
tinued flow over long distances. 

Fields of small shield volcanoes are found 1n many plains 
regions. Some fields cover areas a few hundred kilometers 


across, while the individual shields are 5-15km in 
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Figure 6.14. This volcanic sinuous rille is near Alpha Regio and 
appears to have originated from an irregular caldera-like depression; 
similar features are seen on the lunar maria; the area shown is 

130 km by 160 km (NASA Magellan, F 258345). 


diameter. Although the resolution is not sufficient for 
detailed analysis, the shield volcanoes are similar to small 
basaltic shields in the Snake River Plain of Idaho and else- 
where on Earth. Other venusian plains are characterized by 
fields of small cones, suggestive of cinder cones, some of 
which include distinctive radar-dark halos that have been 
interpreted as being pyroclastic deposits (Fig. 6.17). 

Venusian volcanoes are among the largest and most 
complex seen in the Solar System. Hundreds of volcanic 
constructs have been identified, many of which are more 
than 100km across. One of the largest, Maat Mons 
(Fig. 6.18), reaches 9km above planetary datum. The 
main construct 1s more than 500 km wide at its base and 
displays flows that can be traced as far as 600 km from their 
source to form gentle flank slopes. Some venusian shields 
either lack, or have only small, summit craters, while others 
display enormous complex calderas (Fig. 6.19). 

Evidence of more viscous lava flows than typical for 
basalt is seen in the form of dome-shaped volcanoes 
(Fig. 6.20). These structures are as large as 25 km across 
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Figure 6.15. Abundant lava flows are seen in the lowland plains and 
in some upland regions of Venus. These flows in the Lada Terra 
region breached a large north-south ridge belt and can be traced 
more than 600 km from their source; differences in radar brightness 
indicate lava surface texture roughness; the area shown is 550 km by 
630 km (NASA Magellan MRPS 37755). 





Figure 6.17. This small cinder cone (arrow) is surrounded by a radar- 
dark zone, which has been interpreted as pyroclastic deposits 
superposed on plains that have been extensively fractured by 
tectonism; the area shown is 110 km by 90 km (NASA Magellan 
F-MIDRP 50S345). 
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Figure 6.16. A segment of a venusian channel ~2 km wide in 
Guinevere Planitia and the apparent spillover of radar-bright 
material to form a massive flow-lobe; also visible to the left of the 
channel is a volcano (arrow) about 20 km across with a small summit 
crater (NASA Magellan MRPS 41387). 


and are hundreds of meters high. They are generally 
circular in plan-form and have flat, upper surfaces, leading 
to the informal term “pancake” volcanoes. Many of the 
constructs have small craters on their surfaces, suggestive 
of volcanic vents or explosive blasts. One field of domes is 
in the general vicinity of the Venera 8 landing site, where 
compositional data suggest more silicic rocks, supporting 
the suggestion that the domes were formed by more vis- 
cous lavas. 


6.5.4 Tectonic features 


In the early period of exploration in the 1960s, there was 
speculation that Venus might experience plate tectonics in 
the style of Earth (1.e., spreading centers and zones of 
subduction) because of the similarities in planetary size 
and density. However, the global data sets from Venera 
15 and 16 and Magellan clearly show that this is not the 
case and that a different style of tectonism must be respon- 
sible for the loss of heat from the planet’s interior. One clue 
to this different style comes from surface features called 
coronae (from the Latin for crowns). These are circular 
features 200-600km across consisting of ridges and 
grooves atranged in concentric patterns (Figs. 6.21—6.23). 
The ridges and grooves are often found on the flanks of 
gentle domes or surrounding shallow depressions, some of 
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Figure 6.19. This ~20 km in diameter caldera in the Aphrodite Terra 
area displays a series of concentric fractures outlining the zone of 
subsidence and radial lava flows that extend beyond the depression. 
Note also the widely spaced concentric fractures beyond the lava 
flows (NASA Magellan F-MIDR O6N227). 


which are probably calderas. Coronae are considered to 
represent crustal deformation resulting from mantle plumes 
or upwelling “hot spots.” 

In addition to coronae, tectonism indicative of both 
extension and compression is common on Venus. Sets 
of parallel rugged ridge-belts, as in Lavinia Planitia, and 
mare ridges in plains reflect regional compression 
(Fig. 6.24), while troughs, broad grabens, and complex 
chasmata (Fig. 6.25) indicate extensional tectonism. 
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Figure 6.18. A computer-generated oblique view of Maat 
Mons, a 500 km diameter by 6 km high volcano in Atla Regio, 
showing extensive lavas that flowed from the flanks; the 
vertical scale has been exaggerated x23 to enhance detail in 
topography. A 23 km in diameter impact crater and its ejecta 
melt flow-lobe are visible in the foreground (NASA Magellan 
P-40175). 





Figure 6.20. This series of domes is found east of Alpha Regio; the 
domes average 25 km across and their steep margins represent 
emplacement of viscous lavas, possibly of silicic composition (NASA 
Magellan P-37125). 


Complex ridged terrain formed by crustal deformation 
under both extensional and compressional processes 
(Fig. 6.26). This terrain, found mostly in highland regions, 
makes up some 30% of the surface and 1s characterized 
by features called tesserae (from the Greek referring to 
four corners). Tesserae consists of tile-like blocks of crust 
cut by ridges and troughs 10—20km apart, which are 
often transected by younger, broad grabens (Fig. 6.26). 
Embayment and superposition of plains units show 





Figure 6.21. Thouris Corona is about 190 km across and is identified 
by the concentric set of fractures surrounding a gentle dome. The 
structure is set within regional fractured plains (NASA Magellan 
mosaic ASU-IPF). 
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that some complex ridged terrain is among the oldest 
recognizable geologic units on Venus. 

Mare-type ridges are common on nearly half of the 
venusian plains (Fig. 6.24), mostly at lower elevations. 
The ridges are several hundred meters high, as wide as a 
kilometer or two across, and can be hundreds of kilo- 
meters long. More than 65,000 mare ridges have been 
identified, and they are tectonic compression features. 
Detailed mapping reveals the global lithospheric stress 
field in which lowland plains were in compression at the 
time of ridge formation, while some uplands were in 
extension, exemplified by chasma formation. 


6.5.5 Gradation features 


Even in the absence of water and fluvial streams — the 
dominant agent of gradation on Earth — the harsh surface 
environment of Venus can be expected to lead to weathering 
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Figure 6.22. Classification of venusian 
coronae (from Stofan et a/., 1992). 
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Figure 6.23. Aine Corona is 250 km in diameter and is located 
in plains south of Aphrodite Terra. It has several flat-topped 
volcanic domes, some of which are superposed on the ring 
fractures, showing that volcanism and tectonic deformation 
were occurring at essentially the same time; the area shown 
is 300 km by 235 km (NASA Magellan P-38340). 


Figure 6.24. Mare ridges in Rusalka Planitia were formed Figure 6.25. This Magellan image shows part of Devana 

by compression. Their superposition both on the radar-dark Chasma, a rift system more than 2,500 km long between Beta 
and on the radar-bright volcanic plains indicates that Regio and Phoebe Regio. It represents some 20 km of horizontal 
their formation occurred after the lavas had been extension and is comparable to major continental rift systems 
emplaced in response to regional compression (from Solomon on Earth; the area shown is 670 km by 845 km (NASA Magellan 


et al., 1992). P-41294). 








Figure 6.27. This fan-shaped landslide mass (arrow) is about 25 km 
long and originated from a volcano. The radar-bright mass indicates 
rugged, blocky topography (NASA Magellan F-MIDR 75N327). 


and the formation of gradation features. Physical weath- 
ering to produce loose rocks and small grains (Fig. 6.2) 
results from a variety of processes, including impacts 
(Fig. 4.7). For example, NASA scientist Jim Garvin esti- 
mates that the amount of impact-generated debris on Venus 
would produce a layer 0.3—1 m thick if spread evenly over 
the entire planet. Given the extensive volcanic features and 
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Figure 6.26. Complex-ridged terrain in Ovda 
Regio, showing the square blocks of tesserae 
(arrows) that are highly fractured. The dark band 
cutting through the terrain is a younger graben 
partly filled with smooth-surfaced lava; the area 
shown is 225 km by 150 km (NASA Magellan 
P-37788). 


fractured terrain, clastic materials produced from pyroclas- 
tic eruptions and tectonic “grinding” of crustal rocks also 
generate smaller fragments. 

As clastic materials are generated and reduced in size, 
additional weathering of materials would occur in the 
presence of the high temperatures and sulfuric acid envi- 
ronment. Coupled with in situ weathering of bedrock, 
the resulting fine-grained debris could account for the 
generally low radar backscatter signatures seen in many 
areas of Venus. 

Once produced, clastic materials generated either by 
primary processes or from weathering are subject to 
agents of transportation through wind and gravity. Mass 
movement in the form of landslides is seen in several 
areas where steep slopes occur (Fig. 6.27). These occur 
on a wide range of scales and involve mostly rock ava- 
lanches, some of which are surrounded by radar-dark 
surfaces interpreted to be fine-grained materials generated 
from the mass movement. 

In the present surface environment, wind appears to 
be the primary means for redistributing surface materials 
on Venus. Surface winds are very sluggish, due in part to 
the high density of the atmosphere; they were measured by 
the Soviet Vega landers and NASA Pioneer Venus probes 
to be about 0.5—2 m/s. But, because the atmosphere is so 
dense, winds need not be moving very fast to entrain sand 
and dust (Fig. 3.36), and the measured winds are well 
within the range predicted for particle transport by the wind. 

Fields of sand dunes were identified in Magellan radar 
images in two areas. The Aglaonice field covers 1,300 km* 
and is associated with ejecta deposits from the impact crater 


Aglaonice. Individual transverse dunes are several hundred 
meters wide and have crests oriented generally north— 
south, while wind streaks within the field suggest formative 
winds from the east. The Fortuna—Meskhent dune field 
was found in a valley between Ishtar Terra and Meskhent 
Tessera and also has numerous wind streaks within the 
field (Fig. 6.28). The formative wind patterns suggest 
flow from the southeast to the northwest, with a shift toward 
the west in the northern part of the field. Although it is a 





Figure 6.28. Part of the Fortuna—Meskhent dune field, showing sets 
of transverse dunes and a few radar-bright streaks, indicating 
prevailing winds from the southeast (lower right); the area shown is 
about 55 km by 55 km (NASA Magellan MRPS 39824). 





Figure 6.29. A radar-bright wind streak 26 km long formed in 
association with a 5 km wide hill; wind was blowing from the lower 
left toward the right at the time of streak formation (NASA 
Magellan P-38810). 
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puzzle why more dunes were not found, experiments using 
the NASA Venus Wind Tunnel show that, in the sluggish 
winds on Venus, relatively small bedforms develop, includ- 
ing so-called “micro-dunes” that are only centimeters in 
size, which is far too small to be detected on the radar 
images. They might, however, generate a rougher surface 
than smooth plains, and it 1s possible that some of the radar- 
bright plains could have sets of micro-dunes. 

By far the most abundant aeolian features on Venus are 
wind streaks, with more than 6,000 having been mapped 
on Magellan images. These occur in a wide variety of 
forms, with most being associated with topographic fea- 
tures, such as small hills (Fig. 6.29) or ridges, and include 
both radar-bright and radar-dark signatures (Fig. 6.30). 
Wind streaks are thought to result from the interaction of 
surface winds with landforms, perhaps generating zones 
of preferential erosion and deposition. For example, bright 
streaks could form by the removal of fine-grained clastic 
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Figure 6.30. Radar-dark wind streaks associated with ridges; winds 


were blowing from left to right at the time these features formed; 
the area shown is 44 km by 64km (NASA Magellan MRPS 3883). 
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Figure 6.31. A diagram showing the global circulation of Venus’ 
atmosphere as modeled and confirmed by near-surface wind 
patterns derived from the orientations of wind streaks. This pattern 
reflects Hadley cell circulation that takes into account factors such as 
solar heating and planetary rotation. 


materials to expose an underlying rougher surface. Wind 
streaks “point” in downwind directions and are used to 
map global near-surface winds. The results show that 
global winds blow toward the west (Fig. 6.31). 


6.6 Geologic history 


Comparison of the geologic histories for the terrestrial 
planets poses an intriguing problem. As shown in 
Fig. 4.50, the rock records for Mercury, the Moon, and 
Mars can be traced back to the final stages of terminal 
accretion, marked by an abundance of large impact cra- 
ters. Except for Earth, the geologic time scales of the 
terrestrial planets are based mostly on the numbers of 
superposed impact craters on mappable units and the 
stratigraphic horizons provided by widespread ejecta 
from major impacts, such as the Fra Mauro Formation. 
on the Moon. The paucity of large craters on Venus 
precludes this approach and suggests a surface age of 
0.75 Ga or younger. This leads to a controversy regarding 
the styles of resurfacing, with two competing ideas: 
(a) rapid, catastrophic overturning of the lithosphere; and 
(b) slower, local resurfacing by volcanism. Of the craters 


Venus 


on Venus, 62% are relatively pristine and only 4% are 
partly embayed by lava flows, with the remainder being 
partly degraded by tectonic processes. If resurfacing took 
place by prolonged volcanism, one would expect a greater 
number of craters displaying various stages of burial; thus, 
their absence supports the catastrophic overturning model. 
On the other hand, if substantial blocks of terrain were 





found in which remnants of large craters were preserved, it 
would show that the earlier rock record is preserved in 
some places and argue against complete global overturn- 
ing of the lithosphere. Although such terrains have not 
been found, it is possible that the low resolution of the 
Magellan data does not allow one to discern remnants of 
highly deformed craters. 

Most geophysical models of the interior suggest that 
the current heat flow from the surface is less than the heat 
being generated, even taking into account the large num- 
ber of hot spots. The result is that with time heat is 
accumulating below the lithosphere, which could lead to 
a catastrophic overturning, and it is thought that such 
cycling could occur every 0.5 Ga. 

The history subsequent to the resurfacing at 0.75 
Ga (regardless of mechanism) is also debated, with two 
general hypotheses 1n contention: (a) an episodic history 
punctuated with specific geologic processes, and (b) a 
non-episodic history characterized by uniform geologic 
processes spread throughout time. In the first case, it 1s 
assumed that all geologic features of a specific type 
formed at the same time, such as the coronae, regardless 
of geographic location. This inference is based partly on 
stratigraphic relations with other terrains, such as plains, 
and tectonic features. In the second case, detailed mapping 
suggests that the formation and evolution of many fea- 
tures, such as the large volcanoes, spans a long period of 
time, with volcanic materials “inter-fingering” with tec- 
tonic deformation in a patch-work pattern of local resur- 
facing. In both models, there is agreement that complex- 
ridged terrain and the formation of tesserae represent some 
of the earliest visible rock record, but that, in the non- 
episodic model, some younger tesserae can be identified. 

What processes might be taking place today on Venus? 
There are no observations of changes on the surface with 
available data; 1.e., no new lava flows, new landslides, or 
changes in wind-related features. But it must be remem- 
bered that the available data are extremely limited for 
detecting such changes, and variations in the abundance 
of sulfur dioxide in the atmosphere led Larry Esposito 
(1984) to suggest that volcanoes might at present be 
erupting, an idea supported by some Venus Express data. 
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Assignments 


. Geophysical models of out-gassing by magma reach- 
ing the surface of Venus suggest that the high atmo- 
spheric surface pressures would retard explosive 
eruptions. Yet, Magellan images show the presence 
of cones and likely pyroclastic deposits. Suggest some 
possible explanations for this apparent discrepancy. 


. Briefly discuss three ways in which Venus and Earth 
are similar and three ways in which they are different. 


. Outline the primary data sources for deriving informa- 
tion on the surface compositions for Venus. 


4. 


6. 


Assignments 


Explain two methods used to determine the topogra- 
phy of Venus. 


. Discuss at least three consequences of the high surface 


temperatures and atmospheric pressures on Venus in 
relation to the morphologic features seen. 


Briefly explain the ideas as to why the venusian sur- 
face 1s geologically young compared with those of the 
Moon and Mercury. 
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CHAPTER 7 


Mars 


7.1 Introduction 


Few objects in the sky hold the fascination in the public 
mind as much as Mars. Easily seen with the naked eye, the 
“Red Planet” has been linked with various gods of war 
through the ages. The late 1800s and early 1900s saw both 
serious and not-so-serious writings on martian life, includ- 
ing the presence of advanced civilizations, and culminating 
in the infamous radio broadcast of H.G. Wells’s fictional 
War of the Worlds, in which martian spacecraft land on 
Earth. This broadcast filled many a family with terror as the 
story unfolded with the destruction of whole cities. 

Building on public support for the exploration of Mars, 
the Red Planet has been visited by more spacecraft than 
any other object except Earth’s Moon. Along with Europa 
and possibly Titan, Mars is a favorable planet in the 
exploration for possible present-day or past life. 

With a diameter of 6,779 km and a mass of 6.4 x 107° 
kg, Mars gravity 1s 0.37 that of Earth. The total surface area 
of Mars is just about equal to the land surface on Earth 
above sea level. One Mars year is 686.98 Earth days, while 
one Mars day is 24hr, 39m, 35.2. Its present-day spin 
axis 1s inclined 25.19° (slightly more than Earth), which 
leads to distinctive seasons. The seasons are defined by 
Mars’ position in orbit and described by aerocentric lon- 
gitudes (L,) of the Sun in degrees. L, is the angle between 
the Mars—Sun line and the line of equinoxes. L, of 0° 1s set 
at the martian equinox for the beginning of winter in the 
northern hemisphere (L, 0° to 90°), with northern spring 
(L, 90° to 180°), northern summer (LZ, 180° to 270°), and 
northern autumn (L, 270° to 360°). 

Mars wobbles on its spin axis, which means that at times 
the poles receive substantially more sunlight in their respec- 
tive summers and are proportionally much colder in the 
winters than at other times. This is thought to lead to 
martian ice ages on time scales of 50—100 Ma as a function 
of the wobble and could result in large climate changes. 














Mars has an atmosphere composed mostly of carbon 
dioxide (95%), with minor amounts of nitrogen, argon, 
oxygen, carbon monoxide, and water vapor. But with an 
average surface pressure of only 6.5 mbar, the atmosphere 
is very “thin” in comparison with Earth’s atmosphere — 
about the equivalent of Earth’s atmosphere at an altitude 
of about 130,000 feet (nearly 40 km) above the surface, or 
four times higher than commercial jet flights. While the 
average surface temperature 1s —63 °C, the range of tem- 
peratures is —133 °C to +27 °C. 

Mars is the most Earth-like of all the objects in the Solar 
System and exhibits evidence of processes related to run- 
ning water, glaciers, wind, volcanism, and tectonic defor- 
mation. However, unlike Earth, Mars preserves extensive 
parts of its ancient record of impact cratering, while the 
current cold, dry climate militates against there being 
extensive liquid water on the surface. Despite the low- 
density atmosphere, winds and associated aeolian pro- 
cesses dominate the current environment. Although 
Mars appears to lack apparent plate-style tectonics, as 
noted below, there are suggestions that such activity 
might have occurred early in its history. 

Given its size, rocky composition, and the presence of 
an atmosphere, Mars exhibits surface features that are 
recognizable to most geologists and affords the opportu- 
nity to study familiar processes under non-Earthly 
conditions. 














7.2 Exploration 





Although even the earliest telescopes were trained on 
Mars, it was not until the late 1800s that attempts were 
made to identify surface markings and relate them to 
processes. The famous “canali” of Italian astronomer 
Schiaparellt were loosely translated to “canals” and 
spurred interest on the part of Percival Lowell. This weal- 
thy Bostonian became fascinated with Mars and built an 
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7.2 Exploration 


Selected successful missions to Mars (all NASA expect where indicated otherwise) 


Geosciences data 


Imaging; closest approach 9,912 km 

Imaging; closest approach 3,330km 

Imaging; closest approach 3,518km 

Imaging; ultraviolet and infrared spectrometers; infrared radiometer 
Lander imaging; wind speeds, temperatures and directions; chemical 
and physical properties of surface; orbiter imaging; gravity; 
atmospheric water levels, thermal mapping 

Lander imaging; wind speeds, temperatures and directions; chemical 
and physical properties of surface; orbiter imaging; gravity; 
atmospheric water levels, thermal mapping 

Imaging; surface composition, meteorology 


Imaging; altimetry; spectroscopy; magnetometer 
Thermal emission; imaging; gamma-ray spectrometer; radiation 


Imaging; spectroscopy; atmospheric monitoring; radar sounding 


Imaging; spectroscopy; robotic arm; magnets; composition 
Imaging; spectroscopy; robotic arm; magnets; composition 
Imaging; radar sounding; spectroscopy 


Table 7.1. 
Encounter 
Spacecraft date Mission 
Mariner 4 Jul. 1965 = Flyby 
Mariner 6 Jul. 1969 ~~ Flyby 
Mariner 7 Aug. 1969 Flyby 
Mariner 9 Nov. 1971 Orbiter 
Viking 1 Jul. 1976 Lander and 
orbiter 
Viking 2 Sep. 1976 Lander and 
orbiter 
Mars Pathfinder Jul. 1997 — Lander and 
rover 
Mars Global Sep.1997 Orbiter 
Surveyor 
Mars Odyssey Oct. 2001 Orbiter 
detector 
Mars Express® Dec. 2003 Orbiter 
Mars 
Exploration 
Rovers 
Spirit Jan. 2004 Rover 
Opportunity Jan. 2004 Rover 
Mars Mar. 2006 Orbiter 
Reconnatssance 
Orbiter 
Phoenix May 2008 Lander 


“ European Space Agency. 


observatory now bearing his name in Flagstaff, Arizona. 
Lowell Observatory was originally dedicated to the study 
of the Red Planet by mapping its linear features and 
following its seasonal changes. Lowell Observatory con- 
tinues today to be a key center for planetary studies. 

Among the first geologically oriented observations 
were those by Dean McLaughlin, who speculated in 
1954 that surface changes indicated vast dust storms and 
volcanic eruptions. Today we recognize that dust storms 
and other aeolian processes are active today, but the ques- 
tion of active volcanism remains open. 

During the heyday of the space race, NASA and the 
Soviet Union sent numerous spacecraft to Mars. For a 
variety of reasons, most of the Soviet missions were 
failures, but, as noted earlier, the Soviets engaged in a 
highly successful exploration of Venus in the same 
period. In contrast, the United States saw successes for 
Mars missions in the mid to late 1960s (Table 7.1), first 
with the Mariner 4 flyby, quickly followed by Mariners 
6 and 7. By happenstance, all three flybys observed the 


Imaging; composition; weather, surface properties 


same heavily cratered part of Mars (Fig. 7.1), leading 
much of the scientific community to speculate that Mars 
was simply another Moon-like object. Fortunately, in the 
early 1970s, the Mariner 9 orbiter showed the true diver- 
sity of Mars, revealing the huge volcanoes, the tectonic 
rift system of Valles Marineris, and the extensive now- 
dry river channels. This mission was followed a few 
years later (1976) by the Viking Project, which involved 
two orbiters and two landers for the first successful sur- 
face operations on Mars. All four spacecraft operated 
concurrently, and for many years this was the most 
complicated robotic mission to have been flown in 
deep space. 

The last of the Viking data were sent to Earth in 1982 
from Viking Lander 2. It was 15 years before the next 
successful mission to Mars, marked by the landing of 
Mars Pathfinder in 1997 and the operation of its little 
rover, Sojourner. Coupled with the recognition that 
some meteorites were blasted from Mars by impacts and 
sent on trajectories carrying them to Earth, there was 








renewed interest in Mars, especially with the proposal 
(now largely rejected) that one of the Mars meteorites 
contained evidence of life. NASA implemented an expan- 
sive program for Mars exploration involving landers, 
orbiters, and roving vehicles, which continue to provide 
an incredible wealth of data, despite notable spacecraft 
failures by NASA, Russia, Great Britain, and Japan. 

Key recent missions include the NASA orbiters Mars 
Global Surveyor (MGS) with its Mars Orbiter Camera 
(MOC), Thermal Emission Spectrometer (TES), Mars 
Orbiter Laser Altimeter (MOLA), and instruments for 
measurements of the remnant magnetic field; Mars 
Odyssey with its Thermal Emission Imaging System 
(THEMIS); and the Mars Reconnaissance Orbiter 
(MRO) with its High Resolution Imaging Science 
Experiment (HiRISE) and the Compact Reconnaissance 
Imaging Spectrometer for Mars (CRISM); and the ESA’s 
orbiter Mars Express with its High Resolution Stereo 
Camera (HRSC) and near-IR spectrometer, OMEGA. 
In addition to the images from these missions, the 





Mars 


South polar region 


Figure 7.1. Shaded relief 
maps of Mars showing 
albedo patterns for the 
polar regions (a) and the 
equatorial regions (b) with 
selected place names and 
the locations of the 
successful landings. By 
happenstance, the first 
three NASA missions to Mars 
(Mariners 4, 6, and 7) were 
all flybys that imaged only 
the heavily cratered 
southern highlands, leading 
many to think that Mars was 
much like Earth’s Moon. 


topographic information from MOLA, the HRSC, and 
HiRISE 1s particularly important for geomorphic studies 
of Mars. The global altimetry from MOLA enables broad 
views of the planet to be generated from its digital eleva- 
tion model (DEM) and assessment of regional slopes. The 
local DEMs derived from stereoscopic images enable 
topographic resolutions as good as a few meters for 
selected areas. 

Successful landings in the same period include the 
Mars Exploration Rovers (MER) Spirit and Opportunity 
(Squyres et al., 2003), operating concurrently in two 
different regions of Mars and returning in situ data on 
surface compositions, physical properties, and active sur- 
face processes, and Phoenix, which landed in the north 
polar region, returning definitive evidence of water-ice on 
and near the surface. All of these spacecraft include instru- 
ments in addition to those noted here (such as the radar 
sounding systems on Mars Express and on the MRO) and 
have provided unparalleled information on Mars, much of 
which has yet to be “mined” by the science community. 


7.3 Interior 





As with the other terrestrial planets, the interior of Mars is 
partitioned into a core, mantle, and crust/lithosphere, reflect- 
ing differentiation following its formation. Although the 
thicknesses of each zone are not well known, our knowl- 
edge of the size and density of Mars enables some estimates 
to be made. The overall density of Mars 1s lower than that of 
Earth, even taking into account the difference in diameters 
and the corresponding adjustments for interior properties 
(1.e., gravitational compensation). If the core is mostly 
iron with some oxygen and sulfur, geophysical models 
suggest a core diameter of ~4,400 km. On the other hand, 
if the core 1s composed of nickel-iron, it would be only 
~2,600 km in diameter. Thus, depending on the core size, 
the mantle would be 1,500—2,100 km thick with a density of 
3.41-3.52 g/cm’. By analogy with Earth, the martian mantle 
is likely to include various sub-zones, but this idea cannot 
be tested in the absence of seismic data. 


The surface of Mars’ crust (the compositionally distinct 
zone of a planet) is mostly mafic, according to remote 
sensing data, laboratory analyses of martian meteorites, 
and data obtained from landed spacecraft. The crustal 
thickness can be derived from gravity data determined 
from tracking perturbations in the paths of spacecraft in 
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orbit around Mars, as was done for the discovery of 
mascons for the Moon. These data suggest that the crust 
is 70-80km thick in the older terrain of the southern 
highlands and thins northward to 35—40 km in the lowland 
plains. It is also thin beneath large impact structures, such 
as Hellas (Fig. 7.2). 

In contrast to the crust, the lithosphere (the physically 
rigid outer shell of planets) appears to be relatively thin in 
the older terrains, such as the cratered highlands, where it 
is modeled to be <20km thick, and to be as thick as 
100km in the youngest terrains. This relationship is 
thought to reflect the thermal history of Mars, which in 
early times involved high heat flow from the interior, 
leading to a thin rigid zone at the surface. Progressively 
lower heat flow as the planet cooled enabled a thicker rigid 
zone to develop. 

As with Venus, there is debate regarding the style of 
tectonics on Mars. Following global imaging of Mars by 
Mariner 9, terrains were searched for evidence of plate 
tectonics, but none was found. Nonetheless, geophysists 
modeled the thermal evolution of Mars and debated the 
possibility, but there was little agreement on the results. 

One of the most exciting discoveries of the MGS mis- 
sion was the presence and distribution of a remnant mag- 
netic field in the ancient terrain of Mars. Because the 
terrains associated with the large impact structures 


Figure 7.2. A shaded relief map of the Hellas 
impact basin, showing its inferred structural rings 
(concentric circles) and the Circum-Hellas Volcanic 
Province; white outlines show the positions of 
calderas and the associated volcanic deposits. 
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Hellas and Argyre do not show the remnant field, the 
conditions leading to the magnetic field must have been 
lost prior to the impacts, or before ~4 Ga. 

The remnant magnetic field patterns are very similar to 
the bilateral symmetry of Earth’s paleomagnetic stripes on 
the sea floor that are indicative of sea-floor spreading. 
Detailed analysis of the martian patterns even suggests 
the presence of transform faults to some planetary scien- 
tists. Although the MGS data are of low resolution, the 
discovery of the remnant field could mean that Mars had 
early in its history a magnetic field that has since been lost 
and that the stripping pattern would be consistent with a 
form of plate tectonics. 


7.4 Surface composition 





Information on Mars’ surface and near-surface composi- 
tions comes mostly from the martian meteorites, remote 
sensing, and in situ measurements made from landers and 
rovers. More than four dozen meteorites have been found 
on Earth that bear the distinctive geochemical “fingerprints” 
of Mars when matched against measurements made by 
landers. Although these rocks display a wide range of 
crystallization ages (4.5 Ga to less than a couple of hundred 
million years) and histories, most are of basaltic or similar 
mafic compositions, confirming earlier mterpretations of 
multispectral data from Earth-based telescopes. 

Global or near-global remote sensing data are available 
from orbiters that flew in the 1990s to early 2000s. The 
TES instrument on the MGS (Christensen et al., 2001) 
mapped mineralogies using the mid-IR part of the electro- 
magnetic spectrum (Fig. 2.14) and showed that plagio- 
clase feldspar, pyroxene, and olivine are common, along 
with some limited exposures of high-silica materials, all 
consistent with basalts as the primary rocks on the surface. 
As noted by TES designer Phil Christensen, the data also 
suggested the presence of andesitic materials, although the 
data can also be explained by invoking the presence of 
primary igneous glass and/or weathered basalts. The 
Gamma Ray Spectrometer (GRS) on Mars Odyssey map- 
ped elemental compositions and showed that iron concen- 
trations are high (as expected for basalts) and relatively 
uniform across the surface, while chlorine values vary 
substantially. 

The near-IR multispectral mappers OMEGA and 
CRISM have returned compositional data that can be 
correlated with rock units of different ages. As outlined 
by French planetary scientist Pierre Bibring and his 
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colleagues (Bibring et al. 2006), phyllosilicates character- 
ize early Mars history, reflecting the presence of slightly 
alkaline liquid water, while younger rocks contain 
hydrated sulfates, and the youngest materials consist of 
anhydrous iron oxides. 

Some of the remote sensing data have been “ground- 
truthed”” by measurements from landed spacecraft and 
rovers. For example, TES data suggested the occurrence 
of crystalline hematite in some areas of Mars. Because this 
mineral forms predominantly in the presence of liquid 
water, these areas became of high priority for surface 
exploration and this resulted in the selection of the 
Meridiani Planum landing site for the rover Opportunity. 
Subsequent rover data confirmed the TES observations 
through analysis of the hematite “blueberries” (Fig. 7.3). 
Similarly, in situ surface data show the dominance of 
basaltic compositions and the presence of a suite of chemi- 
cally weathered minerals, including sulfates and halides. 
Surprisingly, though, there 1s a general absence of abun- 
dant carbonates in the remote sensing and lander data. 
While carbonates have been found in some martian mete- 
orites and at some sites, they were expected to be rather 
common on Mars, given the carbon dioxide atmosphere, 
and their relative absence remains a puzzle. The calcium 
carbonate detected by Phoenix is thought to have resulted 





Figure 7.3. A Microscopic Imager view of spherical hematite grains, 
called “blueberries” because of their spectral properties, as seen at 
the rover Opportunity landing site (the image covers an area of 
31mm by 31mm). 
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from reactions of atmospheric carbon dioxide with films 
of liquid water on soil particles. 


7.5 Geomorphology 





7.5.1 Physiography 


Superficially, Mars can be divided into two primary ter- 
rains somewhat similar to the Moon, the northern lowland 
plains and the southern cratered uplands, constituting a 
so-called global crustal dichotomy (Fig. 7.4). The north- 
ern lowland plains are generally below the 0 km reference 
elevation. Lacking a sea level, elevations on Mars were 
first defined following the Mariner 9 mission as the ele- 
vation at which atmospheric carbon dioxide pressure is 
6.1 mbar, the triple point of water on Mars. Subsequently, 
MOLA data were used to redefine elevations referenced to 
the center of mass for Mars. Both reference systems are in 
the literature, and caution must be exercised in using the 
data uniformly, since there are significant differences 
between the two systems on the planet. Note also that 
both east and west longitudes are used in papers and on 
Mars maps as geographic coordinates; it is best to check 
for the system used in any given case. 

The southern cratered uplands represent the final stages 
of early heavy bombardment and generally stand at ele- 
vations higher than 1km above datum. As discussed 
below, this terrain has been heavily modified by surface 


processes, some of which are probably active today. The 
relative lack of impact craters exposed on the surface of 
the lowland plains suggests its relative youth. However, 
radar sounder data reveal the presence of dozens of 
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circular features beneath the lowland plains surface that 
are thought to be large (100 to ~450 km) buried impact 
craters that formed in Mars’ early history. Although there 
is debate as to whether the dichotomy formed as a result of 
endogenic processes (such as mantle convection) or rep- 
resents one or more mega-impacts (the basins which 
would form the lowlands), 1t would appear that the dichot- 
omy was present very soon after Mars’ crust developed 
and that the lowlands were resurfaced. 

Superposed on the border of the northern lowland 
plains and the southern cratered uplands is the volcanic 
Tharsis rise, which includes four enormous shield volca- 
noes and numerous other structures. The shields, dome 
volcanoes, and associated lava flows in this area constitute 
the Tharsis Volcanic Province. Other volcanic regions 
include Elysium, Syrtis Major, and the Circum-Hellas 
Volcanic Province. 

The Hellas basin is found in the southern cratered 
uplands and, at more than 1,800 km across, is one of the 
largest impact structures in the Solar System. A similar but 
smaller impact basin, Argyre, 1s also found in the southern 
hemisphere. The floors of both structures have been partly 
filled with a variety of materials, while their ejecta depos- 
its have been mantled or so heavily modified that they are 
not clearly recognized. 

Valles Marineris is the “Grand Canyon” of Mars, which 
stretches more than 3,800 km eastward from the Tharsis 
rise across the northern equatorial region. This tectonic 
feature has multiple canyon systems, with some floors 
being more than 3 km below the surrounding terrain. 

Mars has distinctive north and south polar regions that 
are easily seen by noting the presence of white deposits of 
frozen carbon dioxide (Fig. 7.1). These polar frosts 


Figure 7.4. An image of Mars 
generated from Mars Orbiter 
Laser Altimeter data showing 
the “global dichotomy” 
between the sparsely cratered 
northern lowlands and the 
heavily cratered southern 
uplands. The Tharsis volcanic 
province (1) is superposed on the 
boundary between the two 
prominent terrains; also shown 
are the Elysium (2), Syrtis Major 
(3), and Syria Planum (4) volcanic 
provinces and the Hellas impact 
basin (5). 
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Figure 7.5. An oblique view of the 210m in diameter Bonneville 
crater and the path of the Spirit rover; A, B, and C show the locations 
of various ripples and dunes, some of which fill many of the small 
craters on Mars, partly accounting for the shallow depths of the 
craters (NASA HiRISE frame PSP_00151_1655, part). 





Figure 7.6. Small fresh impact craters on Mars are typically bowl- 
shaped, exemplified by this crater 2.6 km in diameter on northern 
Elysium Planitia (NASA PIA02084). 


expand and shrink with the martian seasons and are under- 
lain by more permanent water-ice, all interlayered with 
windblown dust and other deposits. 


7.5.2 Impact craters 


Martian impact craters range in size from the 1,800km 
Hellas basin down to meter-size depressions seen at lander 
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Figure 7.7. An oblique view of a complex impact crater 20 km in 
diameter in the northern hemisphere of Mars, showing terraced 
inner walls, a small central peak, and flow-like ejecta deposits; also 
shown are fluvial channels on which the impact was superposed (ESA 
HRSC image #435). 


sites, many of which are thought to be secondary craters 
highly modified by erosion and in fill by windblown sedi- 
ments (Fig. 7.5). In general, primary martian craters show 
a progression in morphology with size from simple bow]- 
shaped features (Fig. 7.6), through complex craters with 
terraced walls and central peaks (Fig. 7.7), to central 
peak-—ring structures, such as Lowell crater (Fig. 7.8). 
This progression is similar to that on the Moon, but the 
transitions in morphology occur at smaller sizes on Mars, 
due in part to the higher gravity. 

Ejecta deposits of many martian impact craters exhibit 
flow-like patterns (Fig. 7.7) distinct from those seen on the 
Moon and Mercury and suggest that the impacts occurred 
in terrain that was wet or contained ice that was melted by 
the impact. The mixture of rock, soil, and water is thought 
to have formed a slurry-like mass that was ballistically 
emplaced but then slid outward across the surface from the 
crater. If this idea is correct, then the distribution and 
timing of these impacts could provide insight into the 
nature of the surface through Mars’ history, and numerous 
groups have been mapping the craters showing the flow- 
like patterns for this purpose (Barlow ef al., 2000). An 
alternative suggestion by Pete Schultz of Brown 
University is that flow-like ejecta could result from inter- 
action of the ejecta with the atmosphere. 

Craters in some regions show extensive modification, 
mostly by processes of gradation. Many craters in the higher 
latitudes are described as “pedestal” craters because they are 


Figure 7.8. Lowell crater, west of the Argyre basin, is 201 km in 
diameter and exhibits the multi-ring structure typical of larger 
craters on Mars (NASA PIA02836). 


on a mesa-like platform that corresponds roughly to their 
ejecta deposits. This effect was first seen on Mariner 9 
images, and it was suggested that impacts occurred on 
materials that could be deflated but that the mesas were 
rendered more resistant to erosion by the presence of the 
ejecta that armored the surface. Although this idea still has 
merit, it is difficult to imagine how fine-grained ejecta at the 
distances seen in Fig. 7.9 would be effective in resisting 
deflation. 

Impact crater size—frequency distributions (1.e., crater 
counts) provide a means for assessing surface ages in the 
absence of radiogenic age determinations. As discussed in 
Chapter 2, crater count ages can be derived assuming that 
(1) only primary impact craters are counted (or that secon- 
dary craters are taken into account), (2) there has been no 
“erasure” of craters, as from erosion, and (3) a valid method 
for calibrating the data exists. Mars is particularly challeng- 
ing on all three issues. First, non-impact processes, such as 
volcanism, can produce circular depressions, and much of 
Mars involves volcanic surfaces, as described below. 
Moreover, planetary geologist Alfred McEwen and col- 
leagues have noted the abundance of secondary craters on 
Mars, which could strongly influence the distributions of 
craters, especially in the smaller sizes. Second, much of the 
surface has been highly modified by wind, water, and (in 
places) glaciation, leading to erosion of impact craters. 
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Figure 7.9. “Pedestal” craters, such as this structure 5 km in diameter 
in the northern hemisphere, are typified by a surrounding mesa-like 
platform (the pedestal), which corresponds approximately to the 
extent of ejecta deposits (NASA THEMIS V02215005). 


Third, in the absence of radiogenically dated surfaces on 
Mars, there is no direct calibration for the crater counts, and 
the data from the Moon (Fig. 2.10) must be extrapolated to 
Mars. This requires making adjustments to account for the 
difference in factors such as gravity (higher g results in 
smaller craters on Mars than on the Moon for the same 
impact event) and Mars’ proximity to the asteroid belt, 
which could lead to more impacts as a function of time in 
comparison with the Moon. 

The issues surrounding crater counts for Mars have 
been partly addressed, employing certain assumptions 
and models. For example, volcanic craters are assumed 
to be recognizable from their morphologies (e.g., they 
tend to be non-circular), while the issue of secondary 
craters was analyzed statistically and shown to be resolv- 
able (Werner et al., 2009). The physics of gravity scaling 
of impacts is relatively well understood, and crater sizes 
can be adjusted accordingly. Extrapolating the crater 
count curve from the Moon to Mars, however, is problem- 
atic, keeping in mind that the curve for the Moon itself has 
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Figure 7.10. Repeated imaging of the same areas reveals newly 
formed features; this small (54.5 m) impact crater formed between 
February and July 2005; the dark ejecta is fragmented basalt 
excavated from beneath a lighter mantle of dust (NASA HiRISE image 
ESP_011425_1775). 


built-in uncertainties, especially for the very early and the 
very young ages. For Mars, various astrophysical models 
are used to account for factors such as the proximity to the 
asteroid belt and potential contributions from comets. In 
addition, the discovery of recently formed small impact 
craters (Fig. 7.10) helps establish the current flux of 
incoming objects on Mars. Despite the uncertainties and 
assumptions, in the absence of any other dates for Mars, 
crater counts remain as the sole technique for assessing 
surface dates. 


7.5.3 Volcanic features 


Mars has some of the most impressive volcanoes in the 
Solar System, with the Olympus Mons shield (Fig. 7.11) 
and similar features in the Tharsis region. Mars’ volcanoes 
can be classified into constructs formed by central vents 
(1.e., “point-source” eruptions), such as Olympus Mons, 
and volcanic plains emplaced from fissures or inferred 
vents lacking discernible surface features (Table 7.2). 
The total areal coverage of martian volcanic materials 1s 
more than half the planet’s surface. While most attention 
has been focused on the shield volcanoes, various plains 
units of volcanic origin represent most of the volcanism 
on Mars. 

The central volcanoes include shields, domes, highland 
patera, and a unique structure, Alba Patera. The shield 
volcanoes have all the attributes of classic Hawaiian 
shields in that they are composed of countless flows of 
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Figure 7.11. The Olympus Mons shield volcano in the Tharsis 
province is more than 600 km across, making it one of the largest 
volcanoes in the Solar System (NASA Viking Orbiter 646A28). 


basaltic composition, commonly emplaced by lava tubes 
and channels erupted from central vents, or calderas, or 
from parasitic flank eruptions that built gently sloping 
structures. The martian shields are remarkable on account 
of their great size; Olympus Mons is more than 550 km 
across, stands 21 km above the 0 km reference datum, and 
contains a summit caldera some 80 km across. Some vol- 
canoes, such as Hecates Tholus in the Elysium province, 
appear to be blanketed with fine-grained basaltic material 
inferred to be pyroclastics. The steeper slopes of some 
shields suggest a more evolved magma and a transition 
from effusive to mild explosive activity. 

Tharsis Tholus exemplifies dome volcanoes (Fig. 7.12), 
which are characterized by flank slopes that are steeper than 
the shields. They are inferred to represent either more silicic 
lavas or lower rates of effusion that would produce short 
flows that piled on top of each other, rather than spreading 
great distances from their sources. Some dome volcanoes 
could simply be the steeper summit regions of shield vol- 
canoes for which more gentle flanks have been buried. 
Unfortunately, many of the central-vent volcanoes on 
Mars are covered with a mantle of windblown dust that 
precludes obtaining compositional information by remote 
sensing. TES data, however, suggest the presence of silica- 
rich materials 1n limited areas, and it is reasonable to expect 
evolved magmas to be present, given the extensive volcan- 
ism. For example, the Syrtis Major volcano has remote 
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Table 7.2. Classification and extent of Martian volcanic features (from Greeley and Spudis, 1981) 


Extent Percentage of 
Type Example Characteristics (10°km2) Mars’ surface 
Central volcanoes 
Alba Alba Patera Unique, extremely low-relief shield-like volcano; Wale 0.78 
sheet and tube-fed flows 
Highland paterae Tyrrhena Low-relief, degraded, radially textured volcanoes 0.23 0.16 
Patera 
Shields Olympus Broad, moderate-relief central vent volcanoes; 1.23 0.85 
Mons tube-fed flows 
Domes Tharsis Steeper-sided central volcanoes 0.08 0.05 
Tholus 
Total area of central volcanoes 2.67 1.84 
Volcanic plains 
Simple flows Hesperia Regional plains; wrinkle ridges only; no-flow-lobes 42.08 29.22 
Planum 
Complex flows Tharsis Complex flow units; flow-lobes abundant; rare 9.16 6.36 
Plains wrinkle ridges 
Undifferentiated Northern Plains of uncertain origin (flow-lobes rare), 27.37 19.00 
plains although probably volcanic 
Questionable Aureole Modified units associated with volcanic units 5.92 4.11 
materials 
Total area of volcanic plains 84.53 58.69 
Total volcanic surface areaon Mars 85.20 60.53 





Figure 7.12. Tharsis Tholus is a dome volcano of dimensions about 
110km by 170 km and has a large complex caldera at its summit 
(NASA Viking Orbiter 858A23). 





Figure 7.13. Tyrrhena Patera, northeast of the Hellas basin, 

; ; ; ; ; ae is a central volcano thought to be an eroded ash shield; the 
sensing signatures suggestive of dacite, which could indi- _sagial features are probably volcanic channels that have been 
cate a more evolved magma than basalt. modified by fluvial erosion; the youngest features are lavas 
erupted from the central caldera, which flowed down the channel 


; to the southwest; the area shown is about 140 km across (NASA 
that have calderas, radial flows, and channels (Fig. 7.13). tyEMIs mosaic). 


Highland paterae consist of very low-profile volcanoes 


These represent the oldest volcanic constructs on Mars, 
dating from 3.9 Ga. As the name implies, they occur 
primarily in the cratered uplands of Mars with most 
paterae in the Circum-Hellas Volcanic Province. The char- 
acteristics of the patera flanks suggest erosion by rela- 
tively “soft” material, and it has been suggested that 
these volcanoes are ash shields from explosive eruptions. 
Some paterae appear to have evolved to more effusive 
eruptions, as evidenced by superposed lava flows. 

Alba Patera is a huge, unique, very-low-profile feature 
in the northern part of the Tharsis region. Radial flows 
extend more than 400 km from its central caldera, with 
many of the flows having been emplaced through lava 
tubes. Their great length suggests very fluid lavas, prob- 
ably of basaltic or ultra-mafic compositions. Alba Patera 
covers some 1.13 x 10° km”, nearly equal to all of the 
shield volcanoes on Mars combined. Were it not for its 
very low relief, many planetary scientists might consider it 
the largest single volcano in the Solar System. 

Ridged plains are found in many parts of Mars 
(Fig. 7.14) and are very similar to those seen on the 
Moon, Mercury, and Venus. Although such ridges are 
primarily tectonic features, they are thought to be charac- 
teristic of deformed thick basalt flows. Mare-type ridges 
are also seen in materials filling the floors of the large 
calderas on Mars. Coupled with compositional data from 





Figure 7.14. An image mosaic of ridged plains in the southern 
hemisphere; the ridges resemble those seen on the Moon, Mercury, 
and Venus; the ridge at “A” appears to have been offset by right- 
lateral displacement by the fracture; most of the craters display 
ejecta flow-lobes (NASA Viking Orbiter 610A01-3, 608A09). 
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remote sensing showing basaltic compositions for the 
martian ridged plains, these considerations lend support 
to the interpretation that such plains are volcanic. Referred 
to as simple flows in Table 7.2, the ridged plains are 
considered to represent flood eruptions that buried their 
eruptive fissures. In contrast, complex flows are composed 
of thin, multiple flows that form distinctive lobes 
(Fig. 7.15), many of which were emplaced through lava 
tubes and channels. As such, they reflect lower volumes of 
lava and slower rates of effusion than the more massive 
simple flows of the ridged plains. Transitional between the 
large shield volcanoes and the lava flows are small shield 
volcanoes (Fig. 7.16). 

Undifferentiated flows (Table 7.2) constitute much of 
the northern lowland plains. Although these plains 
involve a wide variety of materials resulting from aeolian, 





Figure 7.15. Complex lavas in the Arsia Mons area, showing multiple 
flow-lobes and lava channels; the area shown is 20 km by 47 km 
(NASA THEMIS orbit 35460). 
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Figure 7.16. A small shield volcano on the plains south of Pavonis 
Mons, showing multiple thin lava flows erupted from an elongate 
central vent (ESA HRSC frame 0891). 


periglacial, and possibly fluvial and lacustrine processes, 
the bedrock is considered to be volcanic because flow 
lobes are seen in some areas and remote sensing data 
are indicative of basaltic compositions. The “question- 
able” category of volcanic material (Table 7.2) refers to 
deposits found around some of the large shield volcanoes 
and mapped as aureole material. These deposits are inter- 
preted as being debris mass-wasted from the flanks of the 
volcanoes, perhaps comparable to the lahars seen on 
Earth which consist of volcanic mudflows triggered by 
eruptions. 

The presence of water and ice on and near the surface, at 
least in the past, suggests that magma—water interactions 
were common. Such interactions would explain the forma- 
tion of small cones in many areas, as well as the explosive 
eruptions to form the ash shields in the Circum-Hellas 
Volcanic Province. In addition, the Medusae Fossae 
Formation in the equatorial region has been suggested to 
be a vast volcanic ash deposit that could have involved 
volatile-rich explosions. 


7.5.4 Tectonic features 


Surface features resulting from tectonic deformation on 
Mars include both compressional and extensional structures. 
These features are found in association with volcanoes, 
impact structures, local deformation, and regional-scale 
deep-seated deformation of the lithosphere. 
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Figure 7.17. The Amenthes Rupes lobate scarp stands higher than 
1 km and is thought to be a low-angle thrust fault; the area shown is 
about 500 km by 500 km (NASA Viking Orbiter mosaic). 


Extensional structures include joints, grabens that are as 
large as several kilometers wide, hundreds of meters deep, 
and tens of kilometers long, and troughs (chasmata) of 
Valles Marineris that are 1,000km long and as wide as 
100km. The smaller extensional features are thought to 
involve high-angle faults that, when projected to the subsur- 
face, might converge at depths as great as several kilometers. 
The larger troughs of Valles Marineris could reflect fractur- 
ing completely through the lithosphere to greater depths. On 
the other hand, some extensional features could reflect more 
shallow deformation resulting from intrusion by dikes, or 
swarms of dikes, including parts of the Valles Marineris rift 
system. 

Compressional features include ridges and lobate 
scarps. The ridges are comparable to mare ridges on the 
Moon and are linear-to-arcuate features as large as 100m 
high, several hundred kilometers long, and more than 
10km wide. As on the Moon, they often consist of a 
broad, gentle “swelling” surmounted by a narrow crenu- 
lated ridge and are considered to reflect folded layers of 
rocks, such as lava flows, underlain by thrust faults. The 
Hesperian ridged plains in the southern hemisphere and 
Lunae Planum just north of the equator are characterized 
by ridges and are inferred to be thick basalt flows that were 
subjected to regional compression. 

Lobate scarps on Mars (Fig. 7.17) are comparable to 
those on Mercury and can reach heights of several 


kilometers. Most lobate scarps are found in the ancient 
heavily cratered terrains and resulted from large thrust 
faults. 

The Tharsis rise (or “bulge’’) imposes the greatest influ- 
ence on the tectonic patterns on Mars. The rise stands some 
10 km above datum and has related tectonic patterns cover- 
ing one-fourth of the martian surface. Following its discov- 
ery during Mariner 9, two general ideas emerged for the 
origin of the Tharsis rise: it could reflect dynamic uplift and 
support by one or more mantle plumes, or it could be an 
enormous pile of volcanic materials loaded on an elastic 
lithosphere. Gravity data and precise topography from the 
MGS have enabled partial testing of these ideas. Coupled 
with refined geochemical models of the interior, 1t now 
appears that the time-frame needed to develop dynamic 
plumes of the size required to support Tharsis probably 
exceeds the very age of Mars. Consequently, the loading 
model is more widely favored, as reviewed by planetary 
scientists Matt Golombek and Roger Phillips (2010). It is 
also important to note that work by Solomon and Head 
(1982) suggested that magma fed from plume(s) and erup- 
ted onto the surface could provide a type of “feedback” in 
which the fractures providing the conduits to the surface 
could be further opened by loading of the erupted materials 
onto the surface. 

Mapping the Tharsis radial fracture systems (Fig. 7.18) 
and their stratigraphic relations to the lavas and other 





Figure 7.18. An oblique view showing grabens and other fractures 
associated with the Tharsis rise in the southern hemisphere where 
lavas have flooded into the heavily cratered terrain; the higher 
density of fractures in the cratered terrain suggests that most 
deformation occurred before the latest emplacement of the lavas, 
although some lavas are also fractured, indicating continued 
tectonism (ESA HRSC #095). 
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materials in the region enables the centers and timing 
deformation to be derived. As summarized by Carr 
(2006), most of the faults associated with Tharsis formed 
early in Mars’ history and the basic structure has not 
changed 1n the last 3 Ga. 

Valles Marineris is a vast rift system stretching eastward 
from the Tharsis rise, with which it might be associated 
(Fig. 7.19). This system can be divided into three parts, 
Noctis Labyrinthus in the west, the central nft zone, and the 
“chaos” terrain in the east. Noctis Labyrinthus is on the 
flank of the Tharsis rise and is marked by intersecting 
grabens and elongate pits, suggestive of extension and 
subsidence likely associated with the Tharsis uplift. The 
main canyon reflects extensional rifting that has formed a 
series of parallel chasmata, some of which are deeper than 
7km, exposing thousands of meters of layered deposits in 
the walls. In the middle zone, Ophir, Candor, and Melas 
chasmata merge to form a central depression 600 km wide. 
Some of the canyons, such as Hebes Chasma, form closed 
depressions, suggestive of substantial collapse. Local vol- 
canism within the canyonlands along the bases of some 
canyon walls was identified by geologist Baerbel Lucchitta 
and is of basaltic composition as indicated by high- 
resolution multispectral data from the CRISM instrument. 

The eastern part of Valles Marineris grades into “chaos” 
terrain, characterized by extensive mass wasting that 
forms a jumbled relief. The chaos terrain appears to 
“feed” an extensive set of huge channels that drain east 
and northward into the lowland plains. Although the 
chaos terrain includes vestiges of possible extension, 


t 





Figure 7.19. A shaded relief map of the Valles Marineris region. This 


area, known collectively as the canyonlands, is composed of three 
elements: Noctis Labyrinthus in the west, the central canyon system, 
and an eastern area characterized by chaotic terrain and outflow 
channels. The area shown is 3,500 km by 6,000 km (courtesy of the US 
Geological Survey, Flagstaff). 
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Figure 7.20. This small landslide found on the inner wall of an impact 
crater is typical of many such features where slopes are steep; the 
area shown is 17 km by 20 km (NASA THEMIS orbit 27216). 


suggested by linear scarps roughly parallel with the frac- 
tures in the main canyon system, the primary formational 
process was mass wasting on a grand scale. 


7.5.5 Gradation features 


Like Earth, Mars exhibits a rich history of gradation 
involving wind, water, mass wasting, and periglacial pro- 
cesses. Mass wasting has enlarged the canyonlands, form- 
ing huge scarps and landslides along the walls, and 
generating the chaos terrain. The aureole deposits noted 
above in association with the large shield volcanoes likely 
involved mass wasting to form lahars. 

Small landslides are ubiquitous on Mars, especially along 
over-steepened slopes, as on impact crater walls (Fig. 7.20). 
An active landslide was even “captured” in an image in 
early 2008 that showed dust and huge blocks of rock falling 
down a 700m scarp. Some active mass wasting features, 
called “dark slope streaks,” continue to form today 
(Fig. 7.21). They represent exposure of dark materials 
when bright dust or bring water slides downslope. These 
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Figure 7.21. MOC images of “dark slope streaks” (arrows) that 
formed between August 1999 (top image) and April 2001 (bottom 
image) in terrain north of Olympus Mons; the area shown is 3 km by 
3.5 km (NASA PIA03226). 


features fade with time, as dust settles from the atmosphere 
and mantles the dark substrate or as water evaporates. 

Other flow-like features seen on images are likely to be 
glaciers (Fig. 7.22), as suggested by Jim Head et al. 
(2010) from their analysis of Mars Express data. Results 
from the radar system on the MRO reveal the presence of 
ice beneath many of the putative glacial features, even in 
the lower latitudes closer to the equator. 

The search for evidence of past and present water on 
Mars, either as ice or in liquid form, 1s a fascinating story. 
When the first spacecraft images of Mars were returned in 
the 1960s, Mars was thought to be a dry, Moon-like planet 





Figure 7.22. An oblique view of an inferred glacier 5km wide in the 
Protonilus Mensae area, showing moraine-like ridges (NASA MRO 
CTX frame). 


dominated by impact cratering. The first clues as to the 
possibility of water came with the Mariner 9 images 
showing channels interpreted to have been cut by fluvial 
activity in the past when the climate was sufficiently warm 
to allow liquid water on the surface. The largest features 
are the so-called outflow channels, some of which are tens 
of kilometers across and more than 1,000km long. 
Detailed images of these features reveal complex terraces 
and inter-braided channels. Some channels have large 
impact craters “interleaved” with channel elements, sug- 
gesting either prolonged flow or episodic flow. The sour- 
ces for the large fluvial features include the chaos terrain 
and fractures that appear to have released great quantities 
of ground water. The presence of giant ripples along some 
channels suggests that the water was released as enor- 
mous, catastrophic floods, similar to the channeled scab- 
lands in eastern Washington that were formed by the 
release of water from the bursting of glacial lakes. 

In addition to outflow channels, other water-carved 
features are integrated valley networks (Fig. 7.23). 
These are thought by many planetary geologists to repre- 
sent run-off from precipitation, although others suggest 
that they form by seepage from multiple springs. For 
example, gullies on some scarps were discovered in 
MOC images and were later found to be actively forming 
today. Their morphology and geologic relations to the 
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Figure 7.23. These integrated valley networks in the southern 
cratered highlands suggest surface run-off from precipitation; the 
area shown is about 200 km across (from Mars Digital Image Map, 
image processing by Brian Fessler, Lunar and Planetary Institute). 
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Figure 7.24. Gullies seen in Kaiser crater in the southern hemisphere; 
the gullies are thought to form from the seepage of water derived 
from a distinctive rock layer cropping out on the inner crater wall; 
also visible are numerous aeolian ripples (lower part of image) and 
squiggly dark streaks left by the passage of active dust devils; the 
area shown in this MOC image is 3 km by 3 km (NASA PIA03753). 


terrain in which they occur suggest local springs from 
distinctive rock layers (Fig. 7.24). One of the most strik- 
ing features associated with water is the delta seen in 
Eberswalde crater (Fig. 7.25). While surface conditions 





Figure 7.25. This complex delta consists of alluvium deposited from a 
channel that flowed into Eberswalde crater; overlapping channel 
segments and deposits in the delta indicate repeated flooding events 
(NASA PIA04293). 


on Mars today are borderline for liquid water, the probable 
presence of salts would lower the freezing temperature 
and enhance its probability. 

Each new mission to Mars has not only provided a 
growing body of evidence for the presence of water but 
also facilitated the making of estimates of the amount that 
might be present. The total amount of water is commonly 
expressed as the depth of water that would cover the entire 
globe if Mars were a smooth, spherical object. These esti- 
mates range from a depth of few meters to nearly 100 m. 

The Mars Exploration Rovers, Spirit and Opportunity, 
revealed evidence for groundwater modification of sur- 
face materials from the identification of minerals that 
commonly form in association with water, such as the 
hydrated iron oxide goethite. The Spirit rover analyzed 
outcrops within the Columbia Hills of Gusev crater and 
revealed loose, clastic materials and indurated deposits 
rich in sulfate and silica. Although several diverse inter- 
pretations have been proposed to explain the origins of 
these materials, including volcanic pyroclastic emplace- 
ment and local fumarolic activity, most ideas require alter- 
ation in the presence of water as discussed by Ray 
Arvidson and MER colleagues (Arvidson ef al., 2008). 
After a journey of more than 30 km from its landing site, 
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Opportunity reached crater Endeavor in 2011 and began 
exploration of this 22 km impact structure. Analysis of a 
small boulder on the crater rim revealed the presence of 
high levels of zinc and bromine, which are considered to 
be good indicators of deposition in warm water. 

The Phoenix landing site was selected in the north polar 
region, Vastitas Borealis. Shallow trenches dug by the 
lander’s mechanical arm revealed the presence of hard- 
as-rock water-ice 5—18 cm beneath the surface. Coupled 
with the discovery of various salts and minerals, and 
observations of active snowfall and frost formation in 
late summer, this shows that water clearly plays an impor- 
tant role in the chemistry and geology of the polar region. 
Data from the Mars Reconnaissance Orbiter show that ice 
and water processes also occur in the lower latitudes. For 
example, Shane Byrne of the University of Arizona exam- 
ined newly formed impact craters and found water-ice that 
“faded” with time, the inference being that the impact 
penetrated several meters into a zone of relatively clean 
ice, which subsequently sublimated as it was exposed to 
the atmosphere. 

Mars’ polar regions have long been recognized as dis- 
tinctive from the rest of the planet. Sparsely cratered 
layered terrains include alternating deposits of dark and 
light materials thought to be ice (both carbon dioxide and 
water) and dust settled from the atmosphere. Some layers 
are less than 1m thick and could represent seasonal or 
longer-term cycles perhaps associated with variations in 
the position of Mars’ spin axis. The total thickness of the 
south polar ice cap is ~3 km and consists of about 85% 
carbon dioxide ice and 15% water-ice. Shallow-depth 
radar mapping from the ESA’s Mars Express orbiter 
reveals the presence of massive buried deposits of carbon 
dioxide ice in the south polar layered terrain, as reported 
by Roger Phillips et al. (2011). If released to the atmo- 
sphere during times of Mars’ high obliquity, the atmo- 
spheric surface pressure could nearly double, enhancing 
aeolian activity and the possibility of there being liquid 
water on the surface. 

In addition to the polar ice caps, various periglacial 
features are seen. For example, Fig. 7.26 shows irregu- 
larly shaped pits in the residual southern carbon dioxide 
cap; similar features imaged repeatedly changed shape 
with time, which is attributed to the sublimation of ice. 
So-called “spider terrain” is also seen in the south polar 
regions. This terrain consists of radial fractures 
(Fig. 7.27), some of which have associated dark streaks 
(Fig. 7.28) that are interpreted to result from carbon diox- 
ide geysers that eyect dark rocky material. These are 
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Figure 7.26. “Cottage cheese terrain,” dubbed thus for its pitted 
morphology, occurs in the south polar region and is thought to result 
from the sublimation of ice, leaving irregular-shaped depressions. 
Repeated imaging shows that the features enlarge with time. This 
image covers an area 2.5km by 3.5 km; the pits are about 4m deep 
(NASA MOC M0306646, part). 





Figure 7.27. “Spider terrain” is characterized by radial fractures, 
some of which leave fan-shaped deposits of dark material; the area 
shown is 540 km by 470 m (NASA HiRISE ESP_014413_0930 part). 





Figure 7.28. Dark deposits thought to result from geysers generated 
by heating of the surface and release of volatiles from shallow 
subsurface reservoirs (NASA HiRISE PSP_003364_0945, part). 


thought to result from a type of “solid state” greenhouse in 
which sunlight penetrates the ice, heats the contact zone 
with the underlying rocky materials, and sublimates the 
ice to form a high-pressure gas that ruptures the ice 
explosively. 

While recently formed craters and the presence of water 
on and near the surface show that impact, hydrologic, and 
periglacial processes are active today, by far the most 
prevalent surface modifications are from aeolian activity. 
Even before the first mission flew to Mars, Earth-based 
telescopic observations showed seasonal patterns of 
brightening, some of which were attributed to dust storms. 
Subsequent data show that dust is lifted by the wind 
locally and regionally, with some storms completely 
enshrouding the globe in as little as one month. One 
such global storm was raging across the planet when the 
Mariner 9 orbiter arrived, and imaging of the surface had 
to await the settling of dust from the atmosphere. In 
contrast to common windblown dust on Earth, which is 
10—20 microns in diameter, martian dust is extremely fine, 
of diameter a few microns. Very strong winds are needed 
to move such fine grains, yet measurements from landers 
suggest that such winds are rare. However, the discovery 
of dust devils in Viking Orbiter images suggests an effec- 
tive mechanism for lifting dust into the atmosphere. Dust 
devils are local vortexes formed by heating of the surface, 
which act like vacuum cleaners in that they suck dust from 





Figure 7.29. The active dust devil on the horizon over Gusev crater is 
one of more than 800 features observed from the rover Spirit during 
three complete dust devil seasons. Each season began in late martian 
spring when the surface began to heat with the approaching 
summer. Also visible in this view is a ripple composed of sand, 
showing that both sand and dust are present on Mars (NASA Spirit 
image). 


the surface (Fig. 7.29). Once the dust has been lifted, it is 
easily carried aloft and transported long distances 1n sus- 
pension, even in the thin martian atmosphere. 

More than 800 active dust devils were recorded by the 
rover Spirit, and dozens more have been imaged from orbit. 
The passage of dust devils leaves distinctive dark tracks, 
which result from the removal of bright dust to expose a 
darker substrate. It is thought that as much as half of all the 
dust in the atmosphere has been lifted by dust devils. 

Each subsequent mission to Mars has revealed even more 
wind-related features like those first discovered on Mariner 
9 images, including dunes, ripples, wind-sculpted hills 
(yardangs), and wind-eroded rocks (ventifacts). Most of 
the dunes are transverse features (1.e., their axis 1s normal 
to the formative wind direction) and have similar sizes and 
shapes (Fig. 7.30) to dunes on Earth. High-resolution 
images of nearly all regions on Mars show dune fields and 
large patches of mpples, the orientations of which are 
controlled by surrounding topography (Fig. 7.31). The 
Opportunity rover provided the first robotic views of 
outcrops on another planet. As the rover continued its explo- 
ration, it traveled to the rm of an impact crater and imaged 
well-formed cross beds exposed in the crater rm, which 
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Figure 7.30. Barchan sand dunes in Chasma Boreale; slip faces on the 
northeast sides of the dunes (toward the upper right) indicate 
prevailing winds in that direction; the area shown is about 1.5 km 
wide (NASA MOC 2-147). 





Figure 7.31. Sand dunes are seen in many parts of Mars and, just as 
on Earth, their location and orientations are often controlled by local 
topography; this image was taken in the lani Chaos region and 
covers an area of about 1.0km by 0.8 km (NASA HiRISE 
PSP_008100_170). 


have been interpreted as representing fossil sand dunes 
(Fig. 7.32). 

Yardangs on Mars have been imaged in exquisite detail 
by the HRSC (Fig. 7.33). These features show that rela- 
tively easily eroded materials, such as moderately indu- 
rated fine-grained ash or dust, are common in some 
deposits such as the Medusae Fossae Formation. 
Evidence of wind erosion is also common at many landing 
sites. Ventifacts (Fig. 7.34) show the results of blasting by 
sand, perhaps derived from nearby sandy ripples 
(Fig. 7.29). Because very strong winds are needed to 
set particles into motion in the low-density martian 
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Figure 7.32. An outcrop imaged by the Opportunity rover on the rim 
of Victoria, an 800 m impact crater. The outcrop is about 12m high 
and exhibits cross-bedding that is thought to reflect paleo-sand dune 
deposits (NASA PIA10210). 





Figure 7.33. An oblique view of the Medusa Fossae Formation in the 
Eumenides Dorsum region, showing yardangs, the elongate 
streamlined-shaped hills cut into the formation (ESA HRSC image). 


atmosphere (Fig. 3.33), sand grains are accelerated to high 
speeds and are effective agents of abrasion. 

Contrasting albedo patterns that appear, disappear, or 
change their size, shape, or orientation are very common 
and are called variable features (Fig. 7.35). These 
include dark (low-albedo) wind streaks, bright (high- 
albedo) wind streaks, and dust devil tracks left by the 
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Figure 7.34. Ventifacts are wind-abraded rocks, such as these 
imaged by the rover Spirit in Gusev crater; the basaltic rocks show 
elongated grooves that were sand-blasted by winds coming from the 
right side of the image (NASA Spirit Pancam image). 
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Figure 7.35. Bright (high-albedo) wind streaks in the Cerberus 
region; these and similar features indicate the prevailing wind 
direction at the time of their formation (in this case, winds blew from 
the upper right to the lower left). The area shown is 156 km by 

184 km (NASA Viking Orbiter 545A54). 


passage of dust devils, noted above. The albedo contrasts 
are thought to result from removal or deposition of wind- 
blown particles. Thus, keeping in mind the general corre- 
lation with particle size, high albedo can be indicative of 
fine-grained material such as dust, whereas lower albedo 


can result from larger grains, such as sand. Although 
composition must also be considered, bright wind streak 
features are considered to be dust deposits, while dark 
wind streaks are sand deposits or exposures of a dark 
substrate from which dust has been eroded. Thousands 





of variable features have been mapped, and their orienta- 
tions are used to assess the prevailing wind directions at 
the time of their formation. 


7.6 Geologic history 


The first global geologic maps of Mars were made fol- 
lowing the Mariner 9 mission and included a geologic 
time scale. Derived by Mike Carr and the late Dave 
Scott, both of the US Geological Survey, the time 
scale includes three periods, the Noachian (oldest), 
Hesperian, and Amazonian (youngest). Although this 
time scale is relative, impact crater size—frequency dis- 
tributions for the major units associated with these peri- 
ods enable estimates of “absolute” dates. As discussed 
in Section 7.5.2, the dates are based on extrapolations 
from lunar crater counts that are calibrated against radio- 
genic ages from samples returned from the Moon. The 
ages of various events have been coupled with the 
wealth of new data for Mars since Mariner 9 to refine 
the general geologic sequence, as discussed by Mike 
Carr and Jim Head (2010). 

The Noachian Period (4.6 to 3.5 Ga) began with the 
solidification of the martian crust from an inferred 
magma ocean. In this time, the global crustal dichotomy 
formed and the uplift of the Tharsis rise was initiated. 
The southern uplands preserve impact craters that rep- 
resent the final stages of heavy bombardment in the 
inner Solar System and include the Hellas and Argyre 
basins. This record 1s suggested to underlie the northern 
lowlands, where vestiges of large circular structures are 
seen in the subsurface by radar sounding from orbit. The 
discovery of the remnant magnetic field in Noachian- 
age rocks (but not in younger materials) suggests that 
the interior of Mars was able to generate a magnetic 
field. 

Noachian-age surfaces have been heavily modified by a 
wide variety of processes, including volcanism, tectonic 
modification, and gradation by wind and water, but the 
exact timing of these modifications 1s poorly constrained. 
Jean-Pierre Bibring, the lead on the French OMEGA near- 
infrared spectrometer on Mars Express, found that phyl- 
losilicates are common in Noachian materials; because 
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these clay minerals form in the presence of alkaline 
water, he and his colleagues proposed that the early cli- 
mate on Mars was much warmer and wetter than present- 
day conditions. The integrated valley networks suggest 
the presence of surface run-off in this period of Mars’ 
history, which would be consistent with Bubring’s 
interpretation. 

The Hesperian Period (3.5 to 1.8 Ga) is marked by 
the eruptions of vast sheets of lava that formed the 
ridged plains, including the type example, Hesperian 
Planum. Central volcanism included the formation of the 
highland paterae, Syria Planum, and early eruptions 1n the 
Elysium and Tharsis provinces, coupled with the contin- 





ued development of the Tharsis rise. In addition to exten- 
sive volcanism, most of the large outflow channels were 
cut in this period. 

The extensive Hesperian volcanism that occurred 1n the 
Hesperian Period could account for the formation of sul- 
fate minerals and related materials revealed in remote 
sensing data obtained from orbit. These minerals might 
have formed from volcanic sulfur dioxide combined with 
acidic water. The transition from Noachian to Hesperian 
times also saw the end of the martian magnetic field. It is 
thought that the loss of the magnetic field would have 
exposed Mars to the solar wind, which would have strip- 
ped away Mars’ atmosphere, leading to a colder, drier 
environment. Thus, the outflow channels would reflect 
release of water from the subsurface rather than from 
surface runoff, as suggested by their association with the 
chaos terrain. 

The Amazonian Period (1.8 Ga to the present) is the 
youngest subdivision of time on Mars. However, one must 
remember that this time corresponds to all of the 
Phanerozoic Eon and much of the Proterozoic Eon of the 
Precambrian on Earth. Tectonic deformation and volcan- 
ism continued from the Hesperian Period but were much 
less pronounced. Very young lava flows of limited areal 
extent are seen in many areas, and active volcanism can- 
not be ruled out with currently available data. Gradation of 
all types modified the surface through the agents of wind, 
ice, gravity, and local liquid water; many of these pro- 
cesses continue today, along with the formation of small 
impact craters. In the absence of abundant volcanism and 
liquid water on the surface in this period, slow chemical 
weathering takes place through oxidation of the iron-rich 
basaltic materials by atmospheric peroxides (which have 
been detected by the Phoenix lander), which leads to the 
formation of iron oxides (1.e., “rust’’) that gives Mars its 
red color. 
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Assignments 





. Name the three primary regions of volcanic activity on 
Mars and describe the key differences in the style(s), 
ages, and areal extents of volcanism among them. 





. What is the evidence for any Earth-like plate tectonics 
on Mars in its geologic history? 


. Discuss the primary ways in which gradation operates 
on Mars in the current environment in comparison to 
Earth. 


. Go to the relevant NASA website(s) and find images 
for the floor of Mars’ Gusev crater; describe the differ- 
ent types of surface features in terms of the geologic 
processes responsible for their formation and note 


Mars 


whether any of these processes are active today (be 





specific and provide the evidence for your answer). 


. Examine Fig. 7.7 showing a 20 km impact crater on 


Mars. Find images of impact craters of comparable 
size on the Moon and Mars and describe the differ- 
ences in the morphology of the eyecta deposits; discuss 
the reason(s) for the differences, if any, among the 
craters. 


. Viking Lander I, Mars Pathfinder, Spirit, and the Mars 


Science Laboratory all landed in different areas on 
Mars. Compare and contrast each site with regard to 
the potential for astrobiology. 
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CHAPTER 8S 


The Jupiter system 


8.1 Introduction 


Jupiter, one of the brightest objects in the sky, was named 
after the mightiest of the Roman gods because of its 
dominance. More massive than the other planets com- 
bined, Jupiter with its rings and satellites has been likened 
to a “miniature Solar System.” More than 400 years of 
telescopic observations and, more importantly, flights of 
the Pioneer, Voyager, Galileo, Cassini, and New Horizons 
spacecraft have yielded images and other data for the 
Jovian system that are among the most spectacular in the 
Solar System. 


8.2 Exploration 


Scientific exploration of the Jupiter system was begun in 
1610 by Galileo Galilei. He had been waiting many days 
for the night-time skies to clear so that he could try out a 
new, technically advanced instrument. But it was January in 
the town of Padua in northern Italy where he worked and 
winter skies were frequently cloudy. Then, on January 7, a 
break 1n the weather brought a sparkling clear night, and 





Galileo was able to use the new invention to discover a 
fascinating set of worlds. These discoveries not only 
brought Galileo much acclaim but also led to a series of 
military contracts to put the invention to other uses. The 
invention was the telescope, and, although Galileo did not 
invent it, he was probably the first to use the telescope to 
study the heavens, leading to his discovery of the four large 
moons of Jupiter. 

Galileo’s discovery was pretty heady stuff and not with- 
out substantial controversy. The late 1500s and early 
1600s saw the emergence of ideas that the Earth might 
not be the center of the Universe. Egocentric humans 
naturally assumed that planets, as well as stars, circled 
around the all-important Earth. But careful tracking of the 








planets and stars in the 1500s by Nicolaus Copernicus 
suggested that this might not be true. Care had to be taken, 
however, because such views were contrary to popular 
beliefs and were considered heretical. In fact, the Italian, 
Giordino Bruno, was too outspoken in expressing his 
negative views of a Sun-centered system. In 1600, he 
was tried at an Inquisition in Rome, found guilty of heresy, 
and was burned at the stake. 

So here was Galileo, announcing to the world that he 
had found four objects orbiting something other than the 
Earth. Could this also be the heretical rantings of another 
trouble maker? Clearly, Galileo had to walk a fine line 
between maintaining scientific integrity (he knew what he 
had seen) and not upsetting the establishment. But Galileo 
also had some very powerful friends, the Medici family, 
who controlled much of central Italy at the time. Galileo’s 
work was directly or indirectly supported by the Medici, 
and, when he discovered the moons of Jupiter, he had the 
good political sense to refer to them as the Medician 
“stars.” 

Improvements in telescopes following Galileo’s obser- 
vations enabled refined views of Jupiter and definition of 
the moons’ orbits and other general characteristics. 
Surprisingly, the innermost moons, Io and Europa, were 
found to have densities suggesting rocky materials, while 
data for the outer two moons, Ganymede and Callisto, 
suggested a large proportion of water or water-ice. 

The Space Age ushered in the first visits by spacecraft to 
the outer planets. In 1973 and 1974, two spacecraft, 
Pioneers 10 and 11, respectively, streaked past Jupiter and 
obtained the first close-up observations, including the first 
spacecraft images of Jupiter’s moons. The picture quality 
was rather limited, however, because the spacecraft had to 
spin like bullets to keep on course. This was something 
like trying to take pictures while turning somersaults — not 
an easy task, even in the Space Age. The first high-quality 
pictures were taken by the Voyager J and 2 spacecraft 
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in 1979. Unlike the spinning Pioneer spacecraft, the 
Voyagers maintained their course using small rockets and 
had a stable platform for taking pictures. 

The Pioneers and the Voyagers were flyby scouts to 
provide the reconnaissance for the next stage of explora- 
tion, the Galileo project. The Galileo mission involved an 
orbiter and a probe designed to plunge deep into Jupiter’s 
atmosphere. The probe was outfitted with instruments to 
measure the temperature, water content, composition, and 
other properties of the atmosphere. The orbiter carried ten 
instruments, including those used to map the composition 
of Jupiter’s clouds and the surfaces of the moons, an 





imaging system, and various instruments to study small 
particles and Jupiter’s electromagnetic environment. 

Getting the Galileo spacecraft to Jupiter was not easy. 
Although the project began in 1977, it was 18 years before 
the spacecraft arrived at Jupiter. The project was to be the 
first planetary mission using NASA’s new shuttle as a 
means for leaving the Earth. However, shuttle delays 
and the tragic explosion of the shuttle Challenger deferred 
the launch of Galileo until 1989. Moreover, it was found 
that the launch capability was less than originally planned, 
and a direct path to Jupiter was not possible. 

Fortunately, talented engineers at the Jet Propulsion 
Laboratory found that by flying past Venus, looping 
around the Sun twice, and flying past the Earth sufficient 
momentum could be gained to “sling-shot” onward to 
Jupiter. Although this saved the mission, there was also 
a price to pay; during the period before leaving the inner 
Solar System, the fragile high-gain antenna on the space- 
craft was folded up like an umbrella. As the spacecraft left 
the inner Solar System and the command to unfurl the 
antenna was sent, it opened only part way and, despite 
months of trying to shake it free, it remained stuck. This 
meant that all communication would have to be funneled 
through the inefficient low-gain antenna, which required a 
complete redesign of data acquisition for it to be as effi- 
cient as possible. Painful decisions were made to decide 
which observations would have to be thrown out. For 
example, originally more than 70,000 pictures were to 
be taken, but the number had to shrink to fewer than 
2,000. The camera, however, had an adaptable computer 
system, which enabled a great deal of flexibility in taking 
pictures efficiently. 

By happenstance, the Galileo spacecraft was in a 
unique position to view a momentous event in Solar 
System activity; the collision of the comet Shoemaker- 
Levy 9 with Jupiter in 1994. This comet had been discov- 
ered two years earlier, and, during previous passes of 
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Jupiter, it was ripped into ~21 fragments, some more 
than 2 km across. Analyses of the orbits of the fragments 
led to predictions of impact with Jupiter. Because of the 
position of the Earth with respect to Jupiter at the time of 
the impact, Earth-based telescopes could not view the 
actual collisions but only the impact scars left in 
Jupiter’s clouds. The Galileo spacecraft, however, was 
in a position to capture the events as they occurred, en- 
abling the first observations of active, large impacts in the 
Solar System. 

In the final stages of its journey to Jupiter, in 1995 a 
beachball-size probe from Galileo plunged into Jupiter’s 
atmosphere where its instruments operated for nearly an 
hour. This marked another first in Solar System explora- 
tion — measurements made directly within the atmosphere 
of a giant planet. As the probe relayed its data back to 
Earth, the Galileo spacecraft began a series of maneuvers 
to place it in orbit around Jupiter. This involved a close 
flyby of Io, using gravity to slow the spacecraft and to put 
it in a trajectory to begin orbiting Jupiter in 1996. The 
mission lasted until 2003, completed 35 orbits around the 
planet, and enabled observations of the entire Jupiter 
system. 

In December 2000, the Cassini spacecraft flew past 
Jupiter on its way to Saturn. This provided the unprece- 
dented opportunity to make simultaneous observations 
from two spacecraft of a planet in the outer Solar 
System. Then, in February 2007, the New Horizons space- 
craft flew through the Jupiter system on its way to rendez- 
vous with Pluto in 2015. During the flyby, it was possible 
to obtain new data to assess changes that had occurred on 
Io since the Galileo mission, monitor cloud patterns on 
Jupiter, and collect other data. 


8.3 Jupiter 


Views of Jupiter (Fig. 8.1) show intricate clouds in a great 
variety of colors. The colors result from trace amounts of 
sulfur and organic materials, some of which were prob- 
ably implanted by impacts. What lies below Jupiter’s 
clouds cannot be determined directly with today’s tech- 
nology, but models provide insight into the characteristics 
of the deep interior. Because of Jupiter’s massive size, the 








density of the gasses must increase tremendously, reach- 
ing stages in which the hydrogen would first be liquid and 
then transition into a metallic state. At the very center of 
Jupiter, 1t is thought that a rocky core about the size of 
Earth might be found. 
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Figure 8.1. Jupiter is the most massive object in the Solar System, 
after the Sun. This mosaic was assembled from Cassini images during 
its flyby of Jupiter in 2000. The Great Red Spot is the prominent oval- 
shaped storm system seen to the lower right (NASA PIA02873). 


Despite its large size, Jupiter spins rapidly on its axis, 
making one complete rotation in less than 10 hours. This 
causes the equator to bulge outward and contributes to the 
intricate patterns seen in the clouds. The distinctive hori- 
zontal bands visible in global views of Jupiter’s atmos- 
phere relate to major zonal “jets” having speeds of 50 m/s. 
Some jets travel westward, while others are in eastward 





motion, leading to fantastic shear zones between the jets. 
Such shear results in eddies, curls, spirals, and feathery 
clouds. 

The best-known storm system is the Great Red Spot 
(Fig. 8.1). This feature is of size more than 40,000 km by 
14,000 km, several times larger than the Earth. Rising 
24km above the surrounding clouds, it is a tremendous 
up-welling of the atmosphere. Although the reason for its 
red color is not well understood, it could result from 
phosphorus, and perhaps compounds of that element, 
including phosphine (PH3). 

Jupiter, like its cousin Saturn, releases more energy than 
it receives from the Sun. When Jupiter first formed, it was 
probably ten times larger than it is now. It began to 
collapse under its own weight, and, in the process, heat 
from friction in the gasses was generated, raising the 
temperature to 50,000 °C or more. That heat 1s still “leak- 
ing” into space and 1s responsible for the convective cells 
in the atmosphere which produce some of the cloud 
patterns. 

Jupiter has an enormous magnetic field. Although the 
exact mechanism responsible for producing magnetic 
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fields around planets, including Earth, is not well under- 
stood, it is thought to operate something like a dynamo. In 
the case of Jupiter, the zone of metallic hydrogen within 
the fast-spinning planet generates a magnetic field that 
extends thousands of kilometers from Jupiter, making it 
the largest feature in the Solar System, even larger than the 
Sun. The field is extremely intense, creating a zone of 
radiation harmful not only to life but also to sensitive 
spacecraft components and resulting in a type of “space 
weathering” on satellite surfaces. 

Jupiter has at least 63 moons, including the four 
Galilean satellites (lo, Europa, Ganymede, and 
Callisto) that are in the same size class as Mercury and 
Earth’s Moon. All four are in synchronous rotation, 
keeping the same side facing Jupiter, resulting in the 
terms jovian hemisphere (facing Jupiter), anti-jovian 
hemisphere, leading hemisphere (for the side facing in 
the direction of travel in orbit around Jupiter), and trail- 
ing hemisphere. In addition, Io, Europa, and Ganymede 
are in Laplace resonance, in which the orbital periods 
are in a ratio of 4:2:1; in the time taken for Io to orbit 
Jupiter four times, Europa orbits twice, and Ganymede 
orbits once. 

The Galilean satellites display a wide spectrum of geo- 
logic histories, from extremely active Io, the innermost 
large moon, to Callisto, which displays little evidence of 
internal geologic activity since its formation some 4.6 Ga 
ago. Europa and Ganymede appear to be intermediate in 
terms of activity. There is the possibility that Europa could 
also be active today, albeit not to the same level as Io. 
Given their orbital geometry (1.e., Laplace resonance), Io, 
Europa, and Ganymede are in an intricate “push—pull” tug 
of war with Jupiter and each other (Fig. 8.2). This results 
in tidal stressing of the satellites and the generation of 
internal frictional heat, the magnitude of which decreases 
with distance from Jupiter. As portrayed in Fig 8.3, this 
could explain the differences in the geologic appearances 
among the satellites and their interior configurations 
(Fig. 8.4). 


8.4 lo 


One of the most spectacular discoveries in the exploration 
of the Solar System was the existence of active volcanoes 
on Io. This discovery was made in 1979 during the flyby of 
the Voyager I spacecraft. A series of images had been taken 
for navigation and some of the images included the limb, or 
edge, of Io in the field of view. A young navigator-engineer, 
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Linda Morabito, was analyzing the images and noticed 
what appeared to be a smear extending from Io into the 
dark sky (Fig. 8.5). Her first impulse was to dismiss the 
feature as a flaw in the image or an artifact of some sort 
introduced during computer processing. A check with the 
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Figure 8.2. The orbits of lo and Europa are non-circular around 
Jupiter (not drawn to scale). At times, lo draws close to Jupiter, then 
pulls farther away. Coupled with interactions with Europa, this 
results in a constant tug of war within lo, causing the rocks within the 
moon to be pulled closer to Jupiter during the near part of the orbit, 
with a relaxation during the distant part of the orbit. This tidal 
flexing results in internal friction and the generation of enough heat 
to melt the rocks below the surface, forming magma and fueling lo’s 
active volcanoes. Similar tidal processes operate on Europa and 
Ganymede, but with less intensity (from Greeley and Batson, 2001). 
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science team showed that this was not the case. With addi- 
tional processing, the feature was found to be a plume of 
gas and debris erupting from the volcano now named Pele. 

Perhaps equally remarkable about the actual discovery 
of volcanism was the prediction that volcanoes would be 
found on Io. A team of geophysists had calculated the 
amount of heat generated from Io’s tidal flexing 1n its orbit 
around Jupiter and determined that magma might be gen- 
erated. They published their prediction of active volca- 
noes just two weeks before the Voyager I image was 
snapped. Such scientific serendipity is rare and serves as 
an inspiration for all who seek new insight into how 
planets operate. 

Io (Fig. 8.6) is about the diameter of Earth’s Moon and 
has a similar density, suggesting that it is a rocky object 
with a small metallic core (Fig. 8.4). Itis the reddest object 
in the Solar System, but its surface also includes pale 
shades of brown, yellow, and orange. Galileo data and 
observations from the Hubble Space Telescope and 
Cassini provide a pretty good idea of what the various 
colors represent. For example, SO> gas is a major compo- 
nent of the eruptive plumes rising from Io’s surface. As the 
gas condenses into solid ash, it rains onto the surface, 
leaving diffuse, light-toned deposits around the volcanic 
vents. Data also show that one molecular form of sulfur, 
S>, 1S present in the eruptive plumes. However, this form 
of sulfur is unstable in the cold environment of Io and 
converts to two other molecular forms, $3 and Sy, both of 
which are reddish orange. But the cycle 1s even more 
complicated because these forms last only a few years 
before converting to Sg, which is yellow. 





Figure 8.3. A stylized diagram of the Galilean 
satellites relating their dominant geologic 
processes to the degree of tidal energy generated 
by interactions among the moons and Jupiter. lo 
experiences the maximum tidal stresses, resulting 
in volcanism, while Callisto apparently 
experiences little, if any, tidal stressing; thus 
Callisto’s surface preserves the impact cratering 
record from the early history of the Solar System. 
Europa and Ganymede are intermediate cases, 
with Europa showing some evidence for 
cryovolcanism and Ganymede being extensively 
modified by tectonic resurfacing. 
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Figure 8.4. Modeled interiors of the Galilean satellites: lo and Europa are composed mostly of silicate materials; Ganymede and Callisto are 
mixtures of rocky materials, liquid water, and water ice. Europa has an outer shell of H2O, the surface of which is frozen. Liquid saltwater is 
likely present on Europa, Ganymede and Callisto, as suggested by the behavior of the Jupiter-induced magnetic fields. Scale bars indicate the 


diameters of Mercury and Earth’s Moon. 
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The study of high-resolution images shows that almost 
all of the black areas on Io are either the floors of volcanic 
calderas or relatively recent lava flows. Moreover, the 
temperatures of many of the dark deposits exceed the 


Figure 8.5. (a) The discovery of 
active volcanoes outside Earth 
was made through analysis of this 
Voyager 7 image which shows 
this 260 km high explosive plume 
(upper left) from the volcano 
subsequently named Pele. The 
bright spot on the terminator is 
the eruptive plume from the 
volcano, Loki (NASA PIA00379). 
(b) A view of lo showing the anti- 
jovian hemisphere (Galileo NASA 
PIA00583). 


boiling point of sulfur, and they are thought to represent 
the eruptions of silicate magmas. 

With these observations in mind, Io 1s seen as a color 
kaleidoscope that is constantly changing as new lava 
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Figure 8.6. A map of lo with prominent named features. Reprinted from /carus, 135, McEwen, A., Keszthelyi, L., Simonelli, D. et a/., 1998, 


181-219, with permission from Elsevier. 


flows are erupted and sulfur-rich materials blanket the 
surface, convert to more stable forms, and change color. 


8.4.1 Impact features (none!) 


Even before the volcano discovery image had been taken, 
Io presented an intriguing face to the Voyager cameras as 
the spacecraft drew closer to Io. From a distance, dark 
circular smudges set against Io’s red and yellow surface 
were seen in the low-resolution pictures. At first, the 
smudges were thought to be impact craters, a reasonable 
assumption because craters had been seen on every solid- 
surface planet and moon explored up to that time. But, as 
Voyager I drew closer to Io, the pictures became sharper, 
and the dark areas were resolved to be volcanic craters and 
calderas, many of which were seen to have lava flows 
extending from their rims. No impact craters were seen 
then or by later missions. 


From estimates of the volumes of volcanic materials 
erupted, the flux of impacting objects in the Jupiter sys- 
tem, and the lack of impact craters seen in imaging data, Io 
is thought to be volcanically resurfaced at a rate of ~1 cm/ 
yr; thus, impact craters probably do form, but they are 
buried so quickly that none are preserved within the 
visible record. This suggests that Io is volcanically turning 
itself “inside-out,” and apparently has done so for a long 
time, as reviewed by Ashley Davies (2007). This means 
that Io has one of the youngest surfaces in the Solar 
System. 


8.4.2 Volcanic features 


More than 400 volcanoes are documented on Io, and they 
reflect both effusive and explosive eruptions. Some of the 
volcanoes discovered during the Voyager mission were 
seen to still be active some 28 years later during the New 


Horizons flyby and are likely to continue erupting for 
years to come. 

With one or two exceptions, the volcanoes on Io are not 
classic cone-shaped mountains like Mount Fuji. Rather, 
they are wide, low-profile features composed of lava flows 
that spread great distances from their sources and are 
termed paterae. In some cases individual flows can be 
traced more than 500 km, suggesting that they must have 
been extremely high-temperature, low-viscosity lavas. 
This suspicion was confirmed when temperatures as 
high as 1,340°C were recorded, higher than those of 
most lavas erupted on Earth today. However, very early 
in Earth’s history, a type of lava called komatiite was 
produced, and it is estimated that its eruptive temperatures 
were somewhat similar to those observed on_ lo. 
Moreover, komatiite is very rich in iron and magnesium, 
which is consistent with estimates of the compositions of 
some of the lava flows on Io. Planetary volcanologists 
conclude that we might be seeing a type of volcanic 
activity on Io comparable to some eruptions on Earth ~3 
Ga ago. 

Williams and Howell (2007) classified three styles of 
eruptions on Io: (1) flow-dominated (effusive) eruptions, 
(2) explosion-dominated eruptions, and (3) intra-patera 
volcanism. Flow-dominated eruptions, typified by the 
Amirani lavas (Fig. 8.7), produce large flow fields that 
emanate from central vents or fissures over months to 
years, similar to eruptions in Hawaii. The colors of the 
lavas and temperature measurements suggest that they 
are basaltic. These eruptions produce low-profile shield 
volcanoes such as Maasaw Patera (Fig. 8.8) and pancake- 
shaped features such as Apis Tholus (Fig. 8.9). Some 
flows have associated bright deposits that appear to be 
generated from the lavas flowing over sulfur dioxide 
deposits (Fig. 8.10). Flow-dominated eruptions can also 
include explosions, producing Prometheus-type plumes. 
Named for their type locality on Io, such explosions 
produce umbrella-shaped plumes of sulfur dioxide 
100—200 km high that form circular ash deposits around 
their vents. 

Explosion-dominated eruptions produce enormous 
plumes that can exceed heights of 500km, as well as 
large flow fields of lava, but they are short-duration, 
sporadic, high-energy called “outbursts.” 
Typified by Pele (Fig. 8.5), these eruptions eyect mate- 
rials at speeds as high as 1 km/s, and rain huge quan- 
tities of reddish sulfur and silicate ash onto the surface 
(Fig. 8.11). The associated lava flows involve very 
high rates of effusion; for example, the emplacement 


events 
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Figure 8.7. The vent for the Amirani lava flow-field is in the 

lower center of this picture of lo; compound lava flows extend 

250 km north, toward the top of the image. The smaller flow 
extending west from the vent was found to have a high temperature, 
suggesting that it was active at the time of the observations; some 
flows extending to the south were tube- and channel-fed (NASA 
Galileo PIAO2506). 


of the Pillan lava field (Fig. 8.11) was estimated to 
involve flow rates of 1,740 to 7,450 m?/s, comparable 
to the largest rates on Earth for basaltic lavas in recent 
time. 

Intra-patera eruptions occur within calderas and can 
accompany some explosive eruptions. For example, Loki 
volcano (Fig. 8.12) repeatedly changes temperature and 
shape with time, while its caldera contains confined lava 
lakes with surface crusts that are disrupted by magma 
circulation in the lava lake. 
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Figure 8.8. Maasaw Patera, lo, displays dark lava flows that radiate 
from the caldera, forming a low-profile shield volcano. The caldera is 
50 km by 25km (NASA Voyager 7 199J1+000). 


Figure 8.10. This image shows dark lava that flowed over smooth 
plains; the bright white zone around the flow is SO> “cooked out” of 
the plains by the hot flow and deposited as frost (NASA Voyager 7 
75J1+000). 


Local eruptions of liquid sulfur are likely to occur in 
addition to the major styles of eruptions outlined above. 
Sulfur and sulfur compounds are common and some are 
probably deposited by fumarolic activity. Because sulfur 
has a low melting temperature, 1t is probably mobilized by 
heat from silicate eruptions to produce flows of sulfur. 
This process was documented on the flank of Mauna Loa 
volcano in Hawaii and accounts for local flows of nearly 
pure sulfur. 

The extensive explosive eruptions lead to significant 
loss of mass from Io. It is estimated that some 10 tons/s 
of sulfur and sulfur dioxide escape from Io. Much of 
this material 1s caught by Jupiter’s magnetic field, where 
it forms a donut-shaped “torus” enveloping the orbital 


Figure 8.9. “Pancake”-shaped volcanoes Apis Tholus (upper right) path of Io. 
and Inachus Tholus (center) on lo probably formed from very fluid 

lavas that spread evenly from the vents (bright central zones); the 

area shown is 600 km by 800 km (NASA Voyager 7 71J1+000). 











Figure 8.12. Loki Patera is a huge caldera containing a lava lake 
(dark areas) that has changed with time. The light areas within the 
lake are slabs of crust, which shifted position and shape. The diffuse 
areas surrounding the lake represent ash and other debris from 
explosive eruptions; the area shown is 894 km across (NASA Galileo 
PIA00710). 


8.4.3 Tectonic features 


Io displays some of the highest mountains in the Solar 
System, exemplified by Boosaule Montes, which rises 
17.5km above the surrounding plains. Io’s mountain 
ranges average 100 km in length and 6 km in height. The 
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Figure 8.11. Widespread 
changes can take place on loina 
relatively short time. The Galileo 
image (left) was taken in April 
1997 and shows a dark zone 
near the Pele volcano vent and 
its oval ring of ash deposits more 
than 1,000 km across. The 
picture on the right was taken 
five months later and shows the 
appearance of a huge dark spot 
~400 km across, formed from 
silicate eruptions of Pillan 
Patera. Between the times when 
the two images were taken, 
other Galileo observations 
showed that an ash plume 

120 km high was being erupted 
from Pillan (NASA PIA00744). 


steep slopes on the mountains and the walls of calderas 
indicate that the crustal compositions are mostly silicate 
materials rather than sulfur because sulfur has insufficient 
strength to support such a large mass, even in the lower 
gravity of Io (Clow and Carr, 1980). 

Most of the mountains resulted from uplift by block- 
faulting, although some could be of volcanic origin. In 
addition, some of the ranges have been offset by slip- 
faults, as evidenced by possible geometric reconstructions 
(Fig. 8.13). This poses a puzzle for Io: mapping of the 
distribution of the mountain ranges and the volcanic vents 
fails to show any clear trends or other suggestions of 
tectonic patterns. Consequently, researchers are currently 
attempting to determine the processes that lead to the 
locations of the eruptive centers, block-fault mountains, 
and strike-slip faults. 


8.4.4 Gradation features 


McCauley et al. (1979) suggested that isolated mesas, irreg- 
ular surfaces, and segments of subdued scarps reflect some 
process of erosion (Fig. 8.14). Since Io’s environment pre- 
cludes fluvial or aeolian processes, they evoked a sapping 
mechanism through the release of SO, as an erosional agent. 
They suggested that subsurface liquid SO, under hydrostatic 
pressure would be released through fractures; at the triple 
point for SO>, part of the liquid would crystallize and part of 
the system would expand, forming SO, snow and vapor. 
Upon reaching the surface, the solid—fluid mixture would be 
released energetically at a velocity of ~350 m/s, spraying 
snow as far as 70km from the fracture to form the bright 
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Figure 8.13. A mosaic of Galileo images showing two lo mountain 
ranges, north Hi’iaka Mons (upper left) and south Hi’iaka Mons, that 
could have been offset by strike-slip faulting; the two blocks appear 
to fit back together geometrically (NASA Galileo PIA02540). 


patches of SO. The release of SO. would lead to under- 
cutting and erosion, leaving irregular scarps and mass- 
wasted debris (Fig. 8.14). These processes would continue 
until the source of the SO, was depleted locally. 


8.4.5 lo summary 


The surface of Io is dominated by volcanism resulting from 
tidal stressing generated by interactions with Jupiter and 
Europa. Most of the volcanism involves silicate composi- 
tions, including high-temperature eruptions, and explosions 
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Figure 8.14. An oblique Galileo view of a mesa near the Tvashtar 
volcano, lo; the irregular margin of the mesa probably resulted from 
sapping processes associated with the removal of sulfur dioxide 
(NASA Galileo PIA02519). 


of sulfur-rich materials. Volcanic resurfacing on Io 1s so 
rapid that impact craters are not preserved. Io’s mountains 
are among the highest in the Solar System and most appear 
to be uplifted fault blocks, some of which have been offset 
by strike-slip faults. Gradation is suggested by the mass 
wasting seen in a few areas and sapping processes associ- 
ated with SO>. 


8.5 Europa 





In many respects, Europa (Fig. 8.15) is unique 1n the Solar 
System. Slightly smaller than Earth’s Moon, it is mostly a 
rocky object but has an outer shell of water some 130 km 
thick, the surface of which 1s frozen (Fig. 8.4). The thick- 
ness of the ice layer above the ocean is unknown but 
estimates range from very thin (1.e., a few kilometers) to 
very thick, in which the entire mass is frozen nearly all the 
way to the rocky mantle. In any case, the total amount of 
water (liquid and frozen) is more than five times the 
amount of all of Earth’s water. 

The first clear spacecraft views of Europa were pro- 
vided by the Voyager spacecraft in 1979. These images, 
however, were rather low-resolution, returning pictures 
that, at best, are about 2 km per pixel. Nonetheless, even 
these low-resolution views provided tantalizing hints that 
Europa is an interesting object. Seen in global views, 
Europa gives the appearance of a string-wrapped baseball 
without its cover. Many of the “strings” are actually ridges 
and fractures, suggesting that some tectonic process has 
cracked the icy crust (Fig. 8.16). 

The Galileo orbiter imaged substantial parts of Europa, 
some in resolutions as high as 7 m per pixel for tiny areas. 
Geologic analysis shows a prevalence of bright plains that 
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Figure 8.15. Europa, showing key place names. The trailing hemisphere (centered on 270° W) is darker, partly as a result of implantation of 
sodium- and sulfur-rich ions derived from volcanic eruptions on lo (from Spencer et a/., 2004). 


have been extensively modified by tectonic processes, 
including the formation of structural lineaments exceed- 
ing 1000 km long, zones of crustal spreading and infill, 
and the formation of terrain broken into zones of “chaos.” 
Impact craters and cryovolcanic features are also seen. 
Earth-based and spacecraft data show that non-ice 
materials, such as magnesium salts, are present on the 
surface, along with organic and sulfur compounds. 
Surface materials are derived from three sources: (1) the 
rocky interior, reflecting the original compositions and 
differentiated products related to the origin of Europa 
(this material is brought to the surface by tectonic and 
cryovolcanic processes); (2) materials carried to Europa 
by comets, which would include organic compounds; and 
(3) implantation of high-energy particles from Io. 
Europa’s characteristics make it a high priority in the 
search for life beyond Earth. Life as we know it depends 


upon liquid water, an energy source to support biological 
processes, and the presence of the right chemistry (pri- 
marily C, H, O, N, P, S, Fe, and various trace elements). 
Europa meets these requirements, and, coupled with 
the recognition that life on Earth exists even in extreme 
environments, Europa is targeted for extensive future 
exploration. 


8.5.1 Impact features 


Voyager images showed relatively few large impact cra- 
ters on Europa, leading to the conclusion that it, like its 
neighbor Io, has a geologically young surface and might 
even experience active volcanism. The same calcula- 
tions as led to the correct prediction of active volcanoes 
on Io were also made for Europa. The results, however, 
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Figure 8.16. This Galileo image of the northern hemisphere of 
Europa is 1,260 km across. The light-toned plains are oldest, while 
the dark linear fractures cut across the plains and are the youngest 
features in this area (NASA PIA00275). 


were not so clear because the amount of heat predicted 
from tidal stresses was right on the border for the amount 
needed to generate magma or to keep the base of the ice 
crust liquid. 

Only about 24 impact craters >10 km were identified in 
Galileo images, reflecting Europa’s very young surface, 
estimated to be aged 40-90 Myr (Fig. 4.50). This is 
remarkable in comparison with Earth’s Moon, which 1s 
only slightly larger but far more heavily cratered. The 
youngest known Europan crater is Pwyll, 24 km in diam- 
eter, which displays abundant secondary craters and 
retains its bright rays. Pwyll probably formed less than 5 
Myr ago (Fig. 8.17). 

Crater morphology provides insight into ice thickness 
at the time of impact. Morphologies vary from small 
bowl-shaped depressions with crisp rims formed entirely 
in ice, to shallow depressions with smaller depth-to- 
diameter ratios. Craters up to 25—30 km in diameter have 
morphologies consistent with formation in a warm but 
solid icy shell, while the two largest impacts (Tyre and 
Callanish, Fig. 8.18) might have punched through brittle 
ice about 20 km deep into a liquid zone. 

It should be noted that, regardless of the overall thick- 
ness of the icy crust, there could be isolated pockets of salt 
water (brine) within the ice shell at shallow depths. 
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Figure 8.17. Pwyll crater is the youngest large (26 km in diameter) 
impact on Europa; the bright rays of length > 1,000 km consist of 
water-ice grains (NASA Galileo PIA01211). 


8.5.2 Tectonic features 


Europa’s tectonic features include ridges, bands, and frac- 
tures. Ridges are common and appear to have formed 
throughout the visible history of Europa. They range 
from 0.1 to > 500 km long, are as wide as 2km, and can 
be several hundred meters high. Ridges include simple 
structures, double ridges separated by a trough (Fig. 8.19), 
and intertwining ridge-complexes. Whether the variations 
represent different processes or different stages of the 
same process 1s unknown. Cycloidal ridges are similar to 
double ridges but form chains of linked arcs (Fig. 8.20). 

Most models for the formation of ridges include fracturing 
in response to processes within the ice shell, most of which 
are related to tidal stresses. Some models (Prockter and 
Patterson, 2009) suggest that ridges form by frictional heat- 
ing and possible melting along fracture shear zones. Other 
models suggest that oceanic material or warm mobile 
subsurface ice squeezes through fractures to form the 
ridge. In this case, ridges might represent “communication” 
between the surface ice and the deeper ocean. Such 
exchanges could provide a means for surface oxidants to 
enter the ocean, which would make the formation of habit- 
able zones more likely. 

Bands reflect fracturing and separation of slabs of the ice 
crust (Fig. 8.21), much like sea-floor spreading on Earth, 
and most display bilateral symmetry. The youngest bands 
tend to be dark, while older bands are bright, suggesting 
brightening with time. Geometric reconstruction of bands 
suggests that a spreading model is appropriate, indicating 
extension in these areas. 
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Figure 8.19. Europa’s icy plains, seen here in high resolution, consist 
of complex, intertwining ridges, many of which occur in pairs. The 
youngest ridges cut across older features, tend to be dark, and stand 
higher than the surrounding terrain. The ridge-pairs are separated 
by narrow troughs. The straight, dark ridge-pair (left) is ~1.5km 
wide. Ridges may be places where warm ice squeezed through 
fractures. The area shown is 20 km wide and is on Europa’s anti- 
jovian hemisphere (NASA PIAO1178). 
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Figure 8.18. Impact structures 
on Europa: upper left is Pwyll 
crater; upper right is Cilix and its 
dark ejecta, central peak, and 
wall terraces; lower right shows 
concentric ring fractures of 
crater Tyre, the ridge system 
that post-dates the formation of 
the crater, the bright linear 
fracture that cuts across the 
crater, and the ridges (the gray 
bands are gaps in the image 
data); lower left shows crater 
Manannan (the scale bar is 
common to all four images) 
(NASA Galileo PIAO1661). 





Figure 8.20. Cycloidal ridges result from tidal deformation of 
Europa’s icy shell; each arc in the “cycloid” is 50-80 km long; also 
shown is a central peak-crater between the cycloidal ridges (NASA 
Galileo 15ESREGMAPO2). 





Figure 8.21. This view of Europa’s trailing hemisphere is 335 km 
across. Bright plains mark the right side, while domes occur in a 
cluster in the upper left. The dark irregular patch in the upper right is 
a zone of chaos; cutting east-west across the upper part of the image 
is a gray band, or spreading center, where the crust was separated 
and filled in with ice or water (NASA Galileo PIA01125). 


Fractures are as small as a few meters wide and can 
exceed 1,000km in length. Some fractures cut across 
nearly all surface features, indicating that the ice shell is 
subject to deformation on the most recent time scales. The 
youngest ridges and fractures could be active today in 
response to tidal flexing. Young ridges could also be 
places where the ocean has recently exchanged material 
with the surface and would be prime targets as potential 
habitable niches. 

Chaos terrain is characterized by fractured plates of ice, 
many of which have shifted into new positions within a 
matrix (Fig. 8.22). Much like a jigsaw puzzle, many 
plates can be fit back together. Some ice blocks appear 
to have disaggregated and foundered into the surrounding 
finer-textured matrix, while other chaos areas stand 
higher than the surrounding terrain. Models of chaos 
formation, reviewed by Collins and Nimmo (2009), sug- 
gest whole or partial melting of the ice shell, perhaps 
enhanced by local pockets of brine that would have 
lower melting temperatures. Chaos terrain commonly 
has associated dark reddish material thought to be derived 
from the subsurface, possibly from the ocean. However, 
these and related models are poorly constrained because 
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Figure 8.22. (a) This part of Europa’s trailing hemisphere near the 
equator shows two large ridge systems, older plains, and dark spots. 
Below the “X” formed by cross-cutting ridges is a dark area of the icy 
crust severely disrupted into chaos terrain, named Conamara Chaos. 
Galileo data suggest that the dark ridges, spots, domes, and disrupted 
terrains are all of essentially the same composition, suggesting that 
material was brought to the surface by cryovolcanism; the area is 
250 km by 300 km (NASA Galileo PIA03002). (b) A high-resolution view 
of the disrupted ice crust in the Conamara region; the area shown is 
70 km by 30 km (NASA Galileo PIA01127). 


the processes within and below Europa’s ice shell are not 
known. 


8.5.3 Volcanic features 


Volcanism of two forms is suggested for Europa. The first 
involves silicate volcanism at the base of Europa’s water 
shell at the interface with the rocky interior. Tidal stresses 
of the sort that generates Io’s volcanism could flex the 
rocky mantle to produce enough heat to melt the rock, 
leading to volcanism analogous to that seen on Earth’s sea 
floor. If such activity occurs within Europa, it could main- 
tain liquid water beneath the ice shell and lead to convec- 
tion and zones of up-welling. 


The second style is cryovolcanism, involving melted and 
partly melted ice, or slush. When the low-resolution Voyager 
images showed Europa’s young terrains, 1t was suggested 
that it had been resurfaced with floods of water by cryovol- 
canic processes. While this might account for some of the 


bright plains, much of the surface is more the result of 
tectonic deformation. Nonetheless, small inferred “‘ice 
ponds” (Fig. 8.23), chaotic terrain, infillng of spreading 
center bands, and features called lenticulae appear to involve 


intrusion and extrusion of melted or partly melted ice. 





Figure 8.23. Some local areas of Europa’s ridged plains appear 
flooded, as suggested by the smooth, flat area in the middle-left part 
of the picture. The smooth area is 3.2 km across and was cratered by a 
small impact. The area shown is 11 km by 16 km (NASA Galileo 
PIA00592). 
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Lenticulae average about 10 km in diameter and include 
pits, dark spots (Fig. 8.24), and domes where the surface 1s 
upwarped and commonly broken. These features could 
form by up-welling of compositionally or thermally buoy- 
ant ice diapirs through the ice shell (Fig. 8.25). As 





Figure 8.24. Many Europan domes are either dark or have associated 
dark patches, which might be non-water materials brought to the 
surface from below the ice crust. The area shown is 130 km across 
(NASA Galileo PIAO0588). 


Figure 8.25. Galileo images and 
corresponding diagrams 
showing ways in which 
lenticulae might form. Left: a 
plume of warm ice or liquid 
water rises, buckling the surface; 
middle: a blob of low-density 
material breaks through the 
crust and flows onto the surface; 
right: local heating melts 
through the ice crust. 
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Figure 8.26. Not all young ridges are dark; the prominent ridge-pair 
extending east-west (right to left) cuts across the set of older dark 
ridges on the left. Bright ice avalanches have been shed from the 
west-—east ridge and cover not only the dark ridge-set, but also the 
underlying plains. The area shown is 20 km wide (NASA Galileo 
PIA01179). 


such, their size would imply that the thickness of the 
ice shell was at least 10—20 km at the time of formation 
(McKinnon, 1999). Alternatively, Rick Greenberg et al. 
(1999) suggest that the lenticulae could be small forms 
of chaos formed by wholesale melting of the ice crust. 


8.5.4 Gradation features 


Gradation on Europa occurs through mass wasting and 
space weathering. Mass wasting is seen along the bases of 
steep slopes (Fig. 8.26) where blocks of dirty ice have 
accumulated. It is likely that similar processes have 
degraded the walls of impact craters which have also 
been deformed by viscous relaxation. 

On a regional scale there is a marked difference 
between the leading and trailing hemispheres of Europa 
(Fig. 8.15). The trailing hemisphere 1s darker, tends to be 
red in comparison with the leading hemisphere, and 
probably results from the implantation of materials by 
Jupiter’s magnetosphere. Speeds of materials within the 
magnetosphere are faster than Europa’s orbit, which 
means that materials within the magnetosphere would 
“catch up” with Europa and impact the trailing hemi- 
sphere. Some of this material includes sulfur and sulfur- 
rich compounds from Io’s volcanic plumes. In addition, 
ions impacting the trailing hemisphere would alter 
the molecular structure of the ice, causing it to darken 
with time. 
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8.5.5 Europa summary 


In many respects, Europa 1s a hybrid planet. It is a rocky 
object similar in composition and size to Earth’s Moon but 
contains an outer shell of water and ice, a characteristic 
common among the outer planet satellites. As with Io and 
Venus, Europa’s surface is very young, leading to a com- 
pressed geologic time scale (Fig. 4.50). There is a strong 
possibility that Europa is currently being resurfaced. 

Tidal stresses in the ice shell and to some extent within 
the rocky interior generate tectonic and volcanic processes, 
including the possibility of sea-floor volcanism similar to 
that in Earth’s oceans. These processes lead to complex 
surface features, as portrayed in the diagrams of Fig. 8.27. 
Coupled with the probable presence of organic compounds 
and key inorganic elements, Europa is a primary target in 
the search for habitable zones beyond the Earth. 


8.6 Ganymede 





Ganymede is the largest satellite in the Solar System and is 
the only moon known to generate its own magnetic field. It 
is about the same size as Mercury, but Ganymede’s low 
density (1.9 g/cm*) suggests that it is composed of about 
60% water and 40% rocky materials. Geophysical models 
indicate that it is differentiated into an iron and sulfide—iron 
core about 1,600 km across, a silicate mantle, and an outer 
ice zone 800—1,000 km thick (Fig. 8.4). A saltwater liquid 
ocean 1s thought to be sandwiched within the ice at about 
170km below the frozen surface. Images of Ganymede 
taken by Voyager and Galileo cover about 80% of the 
surface and show two prominent terrains (Fig. 8.28): dark, 
heavily cratered regions considered to be ancient and bright 
terrain characterized by sets of ridges and grooves. 


8.6.1 Physiography 


Overall, Ganymede is very bright and even its dark terrains 
are actually brighter than the lunar highlands. The surface 
also appears to be spectrally “red,” with the dark terrain 
being somewhat redder than the bright terrain. Moreover, 
as in the case of Europa, the trailing hemisphere is darker 
than the leading hemisphere and could be enriched 1n sulfur 
dioxide from exogenic implantation. Dark non-ice materials 
at lower latitudes are possibly hydrated brines similar to 
those inferred for Europa while minor constituents include 
CO>, SO>, and possibly organic materials. 
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Figure 8.27. A stylized block diagram of Europa’s crust showing the possible relations of surface features to processes within the icy crust for 
a thin ice shell (left) and a thick ice shell (right): diapirs and convection could cause thermal perturbations and partial melting in the overlying rigid 
ice; faulting driven by tidal stresses could result in frictional heating; and impacts could lead to refrozen central melt zones and “splash” of 
ejected ice and slush. Many of the zones and features shown here could be habitats for astrobiological exploration (from Figueredo et a/., 2003). 


Dark terrain constitutes about 35% of the surface and 
includes large polygonal regions separated by younger 
grooved terrain. The most extensive region of dark ter- 
rain includes Galileo Regio, a semicircular area more 
than 3,200km across on the leading hemisphere. The 
numerous impact craters superposed on the dark terrain 
reflect the period of intense bombardment in the final 
stages of Solar System formation. However, when craters 
on Ganymede are compared with those on the inner 
planets, relatively few craters larger than 60 km in diam- 
eter are found. Such craters might have been obliterated 
by some unknown process, or perhaps the cratering 
record is different for the outer and inner parts of the 
Solar System. 

Bright terrain forms by the conversion of dark terrain, 
primarily through extensional tectonic processes 
(Fig. 8.29). For example, linear bands of grooved terrain, 
called sulci, dissect and convert many parts of the older 
terrain. Bright terrain occupies most of the polar areas and 
occurs as a zone hundreds of kilometers wide around 


Galileo Regio, as well as forming large patches in the 
southern hemisphere. Bright terrain is characterized by 
sets of ridges and grooves 100km or more long by tens 
of kilometers wide. Individual ridges are several kilo- 
meters wide and may be as high as 700 m. 

Although not physiographic in the sense of landforms, 
Ganymede exhibits distinctive characteristics in both 
polar regions. Above about 40° latitude, the surface 
shows bright diffuse deposits called “polar hoods,” 
which are probably concentrations of ice or frost formed 
by the migration of volatiles from lower latitudes. High- 
resolution images of parts of the polar hood boundaries 
suggest that the deposits thin toward the equator, forming 
an irregular, mottled appearance. 


8.6.2 Impact features 


Ganymede’s impact craters range in diameter from tens of 
meters to hundreds of kilometers, with larger craters being 
more shallow. The relationship between crater size and 
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Figure 8.28. A map of Ganymede showing prominent named features (from Spencer et a/., 2004). 


crater depth 1s considered to be a consequence of impacts 
into ice, in which crater rims “relax” by viscous flow. 
Given the properties of the ice and estimates of temper- 
ature as a function of depth below the surface, models 
show that after the impact the crater floor would first 
flatten and then upwarp to a convex form as the crater 
rim subsided. Under these conditions, long-wavelength 
features would be more affected and larger craters would 
be relatively more deformed than small craters, as seen in 
their in depth-to-diameter ratios (Fig. 8.30). However, 
shallow craters could also reflect conditions and proper- 
ties of the target at the time of their formation in which the 
ice-rich crust could have been warmer in the past and 
more subject to deformation. 

Craters smaller than ~20km are typical bowl-shaped 
depressions with depth-to-diameter ratios of 1:6 to 1:12 
and are not greatly affected by viscous relaxation. Thus, as 
models would predict, the ice-rich crust behaves essentially 


as rocky material for small impacts. Craters ~20-40 km in 
diameter generally have flat or slightly convex floors. 
Central peaks occur in many craters of this size but are 
generally absent among the larger craters; rather, they 
appear to be replaced by central pits (Fig. 8.31), which 
could result from the impact punching through the ice 
crust into warmer, softer ice or even liquid water. 

Ejecta deposits are seen around many craters on 
Ganymede and include flow-like patterns (Fig. 8.32) sim- 
ilar to the “ejecta flow” craters on Mars (Fig. 7.7). Eyecta 
rays extend from fresh craters and include both bright and 
dark forms. Some rays include mixtures of bright and dark 
deposits (Fig. 8.33), suggesting excavation into materials 
of different ice—rock mixtures. The floors of some craters 
are very dark, possibly resulting from flooding by darker 
subsurface materials (Fig. 8.34). 

Among the many remarkable discoveries from the 
Voyager mission were the crater structures on Ganymede 


termed palimpsests (Fig. 8.35). These are circular patches 
of bright terrain as wide as several hundred kilometers, 
found principally in dark terrain. The term was borrowed 
from historic literature in which palimpsest refers to traces 
of writing preserved on materials such as parchment. In a 
form of recycling in the Middle Ages, such material was 
reused by scraping the original text, but erasure was 





Figure 8.29. The boundary between the furrowed dark terrain of 
Galileo Regio (upper right) and the younger bright terrain of Uruk 
Sulcus (lower left): furrows of the Lakhmu Fossae system trend 
subparallel to the northern boundary of Uruk Sulcus, while the Zu 
Fossae cut them obliquely; crater forms include bright rays, central 
pits, and dark floors. The inset shows high-resolution Galileo images 
and details of the bright terrain (NASA PIA00705). 
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seldom complete, and some of the writing was still visible. 
Similarly, palimpsests on Ganymede preserve some of the 
ancient landforms that have been incompletely “overwrit- 
ten” by more recent processes. 

Palimpsests range 1n size from 50 to 400 km in diameter 
and occur as circular-to-oval patches with little topo- 
graphic expression. Most have a central bright zone com- 
posed of relatively clean ice excavated from the 
subsurface. From impact crater mechanics, this suggests 
that the icy crust was about 10km thick at the time of 
impact and was underlain by water or slush. “Dome” 
craters (Fig. 8.36), which have pronounced dome-shaped 
floors, are probably related to palimpsests. 

Impact basins are also present on Ganymede. For exam- 
ple, Gilgamesh consists of a central depression 150 km 
wide, filled with smooth plains and surrounded by rugged, 
mountainous ejecta deposits. A distinct ring fracture zone 
found at 275 km radius probably represents the boundary 
for the excavation of the basin. Chains of secondary 
craters and individual secondaries can be traced to dis- 
tances of 1,000 km. 


8.6.3 Tectonic features 


The oldest surface features on Ganymede are sets of 
semi-concentric furrows (Fig. 8.37), which are consid- 
ered to represent structural adjustments of the icy crust to 
impacts. However, because much of the dark terrain 1s 
disrupted by bright terrain, the furrows are incomplete 
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Figure 8.30. Impact crater depth—diameter data 
for Galilean satellites compared with the Moon. 
T1, T2, and T3 identify changes in morphology and 
shape. T1 shows simple—complex transition. T2 
shows change from complex to central pit and 
dome morphology. T3 shows transition to large 
basins or multi-ring morphologies (from Schenk 
et al., 2004). 
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Figure 8.32. An oblique view of two fresh impact craters in bright 
terrain near the north pole of Ganymede. Gula crater (top, 38 km in 
diameter) has a central peak; Achelous crater (32 km in diameter) has 
an outer lobate ejecta deposit (NASA Galileo PIAO1609). 


and in most cases the “parent” impact cannot be identi- 
fied. Individual furrows are tens to hundreds of kilo- 
meters long by 5—20km wide. Geophysical models of 
large impacts early in Ganymede’s history (when the 
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Figure 8.31. Size distributions of central- 
peak, flat-floor, and pit craters on 
Ganymede for dark and bright terrains 
(from Greeley et a/., 1982) 
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Figure 8.33. Ganymede’s Enki Catena consists of 13 craters, probably 
formed by the breakup of a comet. The craters cross the boundary 
between bright and dark terrains; the ejecta deposit surrounding 
the craters appears very bright on the bright terrain. The area shown 
is 214km across (NASA Galileo PIAO1610). 


outer parts of the moon might have been warmer) sug- 
gest that inward flow of the asthenosphere would have 
been accompanied by brittle failure of the upper icy crust 
to produce the furrows. 

Some regions of dark terrain show fracture patterns that 
can be correlated with the fracture and groove trends seen 
in younger bright terrain. This suggests that at least some 
of the tectonic deformation leading to the formation of 
bright terrain had its initiation in, and was controlled by, 
tectonic processes associated with the dark terrain. 

Initial analyses of Ganymede’s bright terrain following 
the Voyager mission suggested tectonic separation of the 
ice crust and infill by water—ice mixtures (slush) erupted 
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Figure 8.34. An oblique Galileo image of two dark-floored craters 
within the bright zone of Memphis Facula (Fig. 8.37). The dark floors 
could represent material implanted from the impact, or perhaps 
material brought to the surface by the impact. Crater Chrysor (left 
side) is 6km in diameter; crater Aleyn is 12 km across (NASA Galileo 
PIA01607). 





Figure 8.36. Ganymede crater Neith is about 160 km in diameter and 
is adome crater; the dome is ~45 km across and is surrounded by 
rugged terrain. The crater rim is barely visible and is located along 
the outer boundary of a relatively smooth, circular area (indicated by 
arrows), assumed to be the crater floor, which in turn surrounds the 
rugged terrain (NASA Galileo PIA01658). 





Figure 8.35. A Voyager 2 image in Galileo Regio showing the 344 km 
in diameter palimpsest Memphis Facula (NASA Voyager 2, FDS Figure 8.37. Sets of furrows on Ganymede, such as these in Galileo 


20637.02). Regio, could be related to large impact events; also visible are several 
central-pit craters. The area shown is about 650 km across (NASA 
Voyager 2 546J2-001). 

onto the surface. Higher-resolution Galileo images sup- 

port this general view in some areas, as outlined in 

Fig. 8.38, but the emphasis is much more on tectonic Most of the tectonic structures on Ganymede indicate 

processes than on cryovolcanism. For example, the boun- extensional processes, as reflected in the grabens and 

dary between dark and bright terrain in Uruk Sulcus deformed impact craters cut by faults (Fig. 8.41). In addi- 

(Fig. 8.39) shows highly fractured tilt-blocks of bright — tion, strike-slip deformation is seen (Fig. 8.42), including 

terrain cutting across the dark terrain. This style of tec- en échelon fault patterns. Global extension of the litho- 

tonic resurfacing was diagrammed by Bob Pappalardo — sphere might have taken place as a result of liquid water 

and colleagues in 2004 (Fig. 8.40). freezing, much like the expansion of ice in a soda can. 
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(d) cross-cutting sulci 


Figure 8.38. A summary model for the formation and evolution of 
grooved terrain: (a) normal faults inferred to define furrows in dark 
terrain may be reactivated to focus later grooved terrain 
deformation; (b) some grooved terrain may form by tectonic 
disruption of the preexisting surface without concurrent icy 
volcanism; (c) some grooved terrain may form by a combination of 
tectonism and icy volcanism that brightens and smooths the surface; 
(d) bright terrain swaths can cross-cut one another, dissecting the 
preexisting surface into a polygonal patchwork (from Pappalardo 
et al., 2004). 


8.6.4 Volcanic features 


One of the surprises from the Galileo mission was the near 
absence of clear evidence for extensive cryovolcanic fea- 
tures on Ganymede. Nonetheless, it is currently assumed 
that many of the very smooth, lightly cratered plains in 
some bright regions were flooded with melt water or 
water-rich materials that erupted onto the surface. In addi- 
tion, a few features are suggestive of volcanic vents, the 
best candidate of which is in Sippar Sulcus (Fig. 8.43). 


Figure 8.39. Bright grooved terrain in Uruk Sulcus, showing the 
older horst and graben structures in the upper right side of the 
image being cross-cut by younger fractures and possible tilt-block 
faulting in the lower left side of the image (NASA Galileo PIA00280). 
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Figure 8.40. An idealized model for the topography and structure of 
Ganymede’s grooved terrain. Small ridges and troughs (of 
wavelength ~1-—2 km), potentially formed by tilt-block normal 
faulting, are superposed on large swells of wavelength ~8km. A 
deep trough marks the boundary between faulted and undeformed 
terrain (left), suggesting deformation of a hanging wall fault block 
above a prominent marginal fault (from Pappalardo et a/., 2004). 


This feature is about 50 km long, has a typical caldera-like 
outline, and appears to be the source for a flow. Except for 
these features, obvious flow lobes and channels are lack- 
ing, which could mean that (1) the images are too poor for 
recognition, (2) obvious features do not form in “cryola- 
vas,” (3) features deform beyond recognition quickly, or 
(4) such volcanism is rare or absent. 


8.6.5 Gradation features 


The primary processes of gradation on Ganymede are 
mass wasting, sublimation, and sputtering. Slopes in the 
dark terrain often show V-shaped streaks trending down- 
slope, which are interpreted as being zones of mass 
wasting. Aprons at the base of some streaks are probably 
talus deposits. Detailed analyses of the albedo show that 
many Sun-facing slopes are dark, while poleward-facing 
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Figure 8.41. This crater in Ganymede’s Nicholson Regio was 
fractured and spread apart for about 50% of its diameter by tectonic 
extension; the original crater diameter was about 25 km (NASA 
Galileo G7GSNICHOLO1). 





Figure 8.42. Right-lateral strike-slip faulting displaced Dardanus 
Sulcus on Ganymede by about 150 km (NASA Galileo 
28GSDARDANO1). 
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Figure 8.43. A Galileo image of Sippar Sulcus, a depression thought 
to be a cryovolcanic feature on Ganymede. The depression is about 
55 km long and 17-20 km wide and has a lobate flow-like deposit 7— 
10km wide on the floor (NASA PIA01614). 


slopes are bright. This suggests that volatiles, such as 
water-ice, are removed by sublimation from solar heating, 
leaving lag deposits of non-ice dark materials behind. 
Sputtering also changes surface albedo and occurs in 
the presence of radiation (in this case from Jupiter’s mag- 
netosphere), by which the molecular structure of the vol- 
atiles can be changed. 


8.6.6 Ganymede summary 


Ganymede grew from the collapse of the evolving gas and 
dust nebula that formed Jupiter and the other satellites in 
less than half a million years. Heat generated from accre- 
tion melted parts of the satellites to form an outer water 
layer, an inner silicate zone, and an iron-silicate core, 
forming a differentiated body. With cooling, the surface 
of the water froze. As reviewed by Kivelson et al. (2004), 
the presence of Ganymede’s magnetic field suggests that 
the core is currently hot enough to be molten and to 
generate an internal dynamo. In addition to the intrinsic 
magnetic field, the field induced by Jupiter suggests that 
Ganymede has a deep liquid ocean sandwiched within the 
ice. Interior heat is still being generated, mostly from tidal 
interactions of the same sort as that for Io and Europa but 
of lower magnitude. 

Strains within the icy crust have varied with time and 
the evolution of the water layer. Different phases of water- 
ice are functions of temperature and pressure that also 
change with depth. Some phases, such as ice I (the form 
familiar to ice skaters), expand as the water freezes, while 
other phases contract to more dense molecular structures. 
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Thus, the tectonic patterns exhibited in the images of 
Ganymede’s surface reflect not only tidal interactions 
within the Jupiter system but also deformation associated 
with ice evolution. 


8.7 Callisto 





Callisto is the outermost of the Galilean satellites and, at 
4,819 km in diameter, it is slightly smaller than Mercury. 
Although Callisto 1s not significantly affected by tidal heat- 
ing, it is partly differentiated, with an ice-rich outer layer 
<500 km thick, an intermediate ice—rock zone, and a rock— 
metal core (Fig. 8.4). Galileo magnetometer data show that 
Callisto has a magnetic field induced by Jupiter, indicative 
of a salty ocean deep below the icy crust. 

Callisto’s surface composition is ice, Mg- and Fe- 
bearing hydrated silicates, SO2, possibly ammonia, and 
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various organic compounds. Carbon dioxide is found 
almost everywhere, but with slightly higher abundances 
on the trailing hemisphere and around impact features, 
with the youngest craters showing the largest abundance. 

Callisto is the darkest of the Galilean satellites, yet it 1s 
still twice as bright as Earth’s Moon. Its density is only 
about 1.8 g/cm”, making it the least dense of the Galilean 
satellites and suggesting that it has the greatest proportion 
of water. Images show that its surface 1s heavily cratered 
but has relatively little relief. Except for terrains related to 
large impacts, the surface viewed by spacecraft is essen- 
tially uniform, consisting of dark, heavily cratered terrain. 


8.7.1 Physiography 


Callisto 1s more heavily cratered than even the oldest 
terrain on Ganymede (Fig. 8.44). Many planetary scien- 
tists see Callisto as essentially devoid of internal activity 
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Figure 8.44. A map of Callisto with key place names (from Spencer et a/., 2004). 
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Figure 8.45. A mosaic of Galileo images (outlined) taken at 410m 
per pixel, set in a background of Voyager coverage of part of the 
Valhalla multi-ringed structure, showing the central bright zone (left 
side), the inner ring zone, and the outer fracture zone (NASA ASU IPF 
1148). 


since its initial formation, partly owing to its lack of tidal 
interactions (Fig. 8.3). 

The most prominent feature on Callisto is a multi-ring 
impact structure named Valhalla (Fig. 8.45). Valhalla con- 
sists of a bright central zone (palimpsest) about 600 km 
wide, surrounded by concentric rings extending outward 
for nearly 2,000 km from the center of the structure. The 
bright central zone probably marks the initial crater imme- 
diately following impact. At least seven other multi-ring 
features have been recognized on Callisto, including 
Asgard with its central bright zone 230km_ wide. 
Tectonic and cryovolcanic features other than those asso- 
ciated with impacts have not been detected. Thus, 
Callisto’s surface consists of ancient heavily cratered ter- 
rain composed of ice and rocky material with large, super- 
posed multi-ring impact structures. 


8.7.2 Impact features 


Callisto’s impact craters (Fig. 8.46) have morphologies 
similar to those on Ganymede. The smallest craters are 
simple bowl-shaped to flat-floored depressions that range 


8.7. Callisto 
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in diameter from about 7 km down to ~25 m, the limit of 
identification. The floors of small craters vary from 
smooth to pitted or hummocky. Central-peak craters 
range in size from about 5 to 40 km in diameter, and the 
peaks are as large as 10 km across and 0.5 km high. Many 
central-peak craters have scalloped rims, terraced inner 
walls, and hummocky floors, which is typical of similar 
craters seen on the terrestrial planets and the Moon. 

Craters > 25 km in diameter transition from central-peak 
to central-pit morphologies, with central-pit diameters 
being 15%-20% of the crater diameter. Most central-pit 
craters have flat floors and, in some cases, interior terraces 
on their walls. For example, Tindr is a 105 km in diameter 
crater with a central-pit complex about 15km across 
(Fig. 8.46). Although the mechanism for the formation of 
pits remains poorly understood, a primary factor appears to 
be the nature of the target material (1.e., 1ce) rather than 
properties of the object that caused the impact. 

Some craters > 60 km in diameter show central domes, 
such as Doh (Fig. 8.46) and Har. Doh crater is superposed 
on the central zone of the Asgard multi-ring structure, and 
has a rim composed of mountains and knobs that form a 
ring about 65 km across. Individual mountains are as large 
as 8 km across and 730 m high. Har’s dome 1s in the center 
of the crater floor and is ~25km across, or more than 
one-third of the crater diameter. The dome displays irreg- 
ular troughs that form a crude radial pattern, giving the 
impression of tensional fractures that formed in response 
to uplift, similarly to the cracking of a bread crust. 
Although there are no obvious ejecta rays, a higher-albedo 
zone surrounding Doh probably represents ejecta depos- 
its, including impact melt. 

As crater diameters on Callisto increase above 100 km, 
the relative depth decreases, which may be due to viscous 
relaxation of the ice. Relatively young large craters are 
identified by concentric faults or grabens, or remnants of 
their rims. Two such craters, Lofn and Bran, show no 
evidence of a central pit or dome but have very flat floors. 
This morphology could have resulted from a cluster of 
impacts, much like a shotgun blast, or they could be a 
form that is transitional to multi-ring structures. 

Catenae, or crater chains, are seen in many areas of 
Callisto (Fig. 8.47). The longest found thus far is Gipul 
Catena, which stretches some 620 km across the surface 
and includes craters as large as 40km. Two models of 
formation have been suggested for catenae. Initially, 
Callisto’s catenae were thought to be secondary craters 
ejected from primary craters. However, except for two 
small chains radial to Valhalla and a few other cases, 








searches for the primary craters were unsuccessful, lead- 
ing to the consideration that they were formed by the 
impacts from fragments of a larger object. The breakup 
of comet Shoemaker-Levy 9 as it approached Jupiter 
demonstrated that tidal disruption can result in a “string” 


of impacting objects, which could result in the formation 
of some catenae. Similar chains of craters are seen on 
Ganymede (Fig. 8.33). 

Schenk (1995) classified large impact features on 
Callisto to include multi-ring structures, palimpsests, and 
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Figure 8.46. A composite of Galileo images 
showing typical crater morphologies on 
Callisto: upper left, a small flat-floored 
crater (Galileo frame s0401505565); upper 
right, a complex central-peak crater 
(Galileo frame s0401505526); and bottom, 
a central-pit crater (Tindr; right side) and a 
central-dome crater (Har; left side) (NASA 
Galileo frames s0401505300 and 
50413389500). 


Figure 8.47. Moderate-resolution (410m per 
pixel) images of Gomul Catena, north of the 
Valhalla multi-ring structure, and an inset of high- 
resolution images (40 m per pixel), showing the 
degraded terrain on and around the catena 
(NASA ASU IPF 1040). 


“cryptic” ring structures. Multi-ring structures imaged by 
Galileo include Valhalla (Fig. 8.45), Adlinda, Asgard 
(Fig. 8.48), Heimdall, and Utgard. Most are typified by 
central plains, a high-albedo zone extending beyond the 
central area, and one or more sets of concentric scarps and 
troughs. 

Valhalla’s outer trough zone 1s about ~3,800 km across 
and is characterized by sinuous depressions (Fig. 8.49) 
considered to be grabens resulting from extension of the 
icy crust. Some troughs are probably related to older 





Figure 8.48. A Galileo mosaic showing the Asgard multi-ringed 
structure. Utgard is a degraded multi-ring structure partly obscured 
by the fresh, bright-rayed crater, Burr. Tornarsuk crater is east of the 
central zone of Asgard (NASA ASU IPF 1041). 


impact craters, which might have weakened the ice locally 
and influenced the development, location, and orientation 
of the troughs during and following the Valhalla impact. 
The inner ridge and trough zone of Valhalla extends 
~950 km from the center of the structure and is character- 
ized by asymmetric ridges with the steep flanks facing 
outward. Many of the ridges consist of a series of bright 
knobs. The troughs are as long as several hundred kilo- 
meters and as wide as 20 km. They are slightly sinuous 
and appear to be grabens, similar to those of the outer 
zone. Valhalla’s 360 km central zone has a mottled appear- 
ance and is moderately cratered (Fig. 8.50). Numerous 
dark-halo craters suggest penetration into a darker sub- 
strate at depths of 1 km or less. The central zone shows 
remnants of degraded crater rims and small knobs of 
unknown origin, all set in a background of smooth, low- 
albedo plains. Although it has been suggested that some of 
the plains associated with Valhalla are cryovolcanic, there 
are no indications of flows or similar features. Impact may 
have occurred in thin, rigid ice overlying liquid water that 
rapidly filled the crater to form the plains. 

The Asgard multi-ringed structure (Fig. 8.48) includes 
central plains surrounded by discontinuous, concentric 
scarps and an outer zone characterized by sinuous troughs. 





8.7 Callisto 
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Figure 8.49. A moderate-resolution (410 m per pixel) image of the 
Valhalla outer ring zone centered about 27° N, 27.3° W, showing 
sinuous troughs, or grabens (NASA ASU IPF 1148). 


The central plains are about 200 km across and are bright, 
partly due to ejecta from a more recent impact crater, Doh, 
which apparently excavated ice-rich (brighter) subsurface 
materials. 

The Adlinda multi-ringed structure is in the southern 
hemisphere of Callisto, where it 1s defined by sets of 
concentric lineaments and troughs, the most prominent 
of which is a nearly continuous trough ~520 km long on 
the southwest part of the structure. The Adlinda structure 
has a lower frequency of superposed impact craters than 
the surrounding terrain, suggesting its relative youth. 


8.7.3 Gradation features 


One of the surprises revealed by Galileo images of 
Callisto was the paucity of small impact craters in some 
areas. Figure 8.50 compares terrains within Valhalla and 
an area at about the same latitude west of Valhalla at the 
same scale and resolution. Although the viewing geome- 
try and illumination are not quite the same, it is clear that 
small craters are present in some areas but absent in 





others. Prior to these images, the expectation had been to 
see increasing numbers of small craters down to the limit 
of resolution, as on Earth’s Moon. However, some surface 
process appears to erase small craters and other landforms. 
Jeff Moore of NASA’s Ames Research Center concluded 
that sublimation erosion could be an effective agent of 
gradation in which volatile components sublimate, leav- 
ing non-ice components to mass-waste downslope. The 
overall effect is to reduce topography and “soften” the 
terrain, with smaller craters being degraded or removed. 
Given the near lack of small craters in some areas of 
Callisto, the rate of degradation exceeds the rate of impact, 
but this process (if it occurs) does not take place uniformly 
over Callisto. 

Degradation of Callisto’s surface also includes mass 
wasting on the floors of several craters (Fig. 8.51). These 
Slides could result from collapse of the crater walls due to 
oversteepening of the slopes by sublimation erosion. 


8.7.4 Callisto summary 


Ganymede and Callisto are about the same size and den- 
sity. Prior to the Voyager flybys, it was assumed that both 
would show surfaces reflecting similar geologic histories. 
However, images revealed strikingly different worlds 
(Fig. 8.52) and generated debate on the comparative evo- 
lution of the icy satellites. Nonetheless, some agreement 
has been reached on the general events in their histories, if 
not on the detailed evolution. In the early history of the 
Jupiter system, both objects formed from materials lead- 
ing to water-—silicate bodies. Heating from various sources 
(impact cratering, radioactive decay, tidal stresses) led to 
differentiation and the formation of a core. However, 
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Figure 8.50. A comparison of 
the paucity of small craters in 
the Valhalla central plains (left 
image) and terrain (right image) 
not associated with a multi-ring 
structure. The paucity of small 
craters in some areas of Callisto 
is generally attributed to some 
process of crater degradation 
(left image, NASA Galileo frame 
50368317401; right image, 
NASA Galileo frame 
50506142927). 





Figure 8.51. A landslide deposit inside a central-peak crater (~13 km 
in diameter), showing a lobate landslide extending onto the crater 
floor (NASA Galileo frame s0413382840). 


differences that would result in less heat on Callisto 
include its smaller size (1.e., less radioactive decay) and 
lack of significant tidal stresses. 


8.8 Small moons and rings 





In addition to the four Galilean satellites, at least 59 more 
moons orbit Jupiter. All are small, with Amalthea, meas- 
uring 270km by 166km, being the largest. Four orbit 
Jupiter within the path traced by Io. The innermost two, 
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Figure 8.52. Comparisons of the surfaces of Europa, Ganymede, and Callisto at the same scale. Callisto (right) is “peppered” by impact craters 
but is also covered by dark material of unknown origin, as seen here in the Asgard region. Ganymede (middle) shows both craters and 
abundant tectonic deformation (lacking on Callisto), seen here in Nicholson Regio. Europa (left) is sparsely cratered (indicating recent geologic 
activity) and has abundant ridged plains, shown here around the Agave and Asterius dark lineaments. While all three moons are nearly as old 
as the Solar System, the ages of their surfaces are markedly different (NASA Galileo PIA01656). 


Metis and Adrastea, were discovered from Voyager data in 
1979, as was Thebe, whose orbit lies between those of 
Amalthea and Io. The remaining small moons are all 
found beyond the orbit of Callisto. 

Before the Space Age, only Saturn was known to pos- 
sess rings. We now know that all of the giant planets have 
ring systems, including Jupiter. Jupiter’s rings were first 
photographed by the Voyager spacecraft, and later images 
from Galileo show that the rings are complex systems 
closely linked to some of Jupiter’s small moons. 

Overall, the rings include the outermost gossamer ring, 
a flat main ring, and an innermost donut-shaped halo ring. 
All are very faint and are best seen when they are backlit 
by the Sun. From the way in which the light 1s reflected 
from the ring particles, individual grains are estimated to 
be only about the size of very fine dust, something like 
smoke particles. 

Thebe, Amalthea, Adrastea, and Metis revolve in the 
inner region of the Jupiter system, are mostly embedded in 
the ring system, and are the parent bodies of the ring 
material. One of the highlights of the Galileo mission 
was the discovery of how the rings form. High-resolution 
images show that fine dust is generated by the constant 
bombardment of the moons by impacts. Because the grav- 
ity of the satellites is very low, the dust escapes and spirals 
inward under the gravitational tug of Jupiter. This constant 
grinding and pulverization generates the supply of dust 
that makes up the ring components. 


8.9 Summary 





In the past few decades, more than 400 planets have been 
detected around stars other than our own Sun. In nearly all 
cases, these exoplanets are in the size class of Jupiter, and 
it is likely that smaller planets and satellites are also 
present but have not yet been detected. Consequently, in 
many regards, the Jupiter system is considered to be a 
prototype for these newly discovered worlds, and its study 
can shed light on how other Solar Systems might originate 
and evolve. 

The Galilean moons and small regular satellites all 
originated from the nebular cloud that formed Jupiter. 
Just as higher-density materials condensed closer to the 
Sun to form the inner planets, higher-density materials 
also condensed closer to Jupiter to form Io, with less 
dense materials forming the outermost moon, Callisto. 
All four bodies are locked in synchronous rotation, show- 
ing the same “face” toward Jupiter. In addition, Io, 
Europa, and Ganymede are in Laplace resonance, which 
is unique in our Solar System for three bodies. These 
conditions lead to an intricate dance of the moons around 
Jupiter and gravitational tugs of war, resulting in tidal 
stresses and the generation of internal heat. It is this heat 
that drives the huge volcanic eruptions on Io and the 
tectonic deformation of the icy crusts of Europa and 
Ganymede. 


All four Galilean satellites are differentiated, with the 
degree of differentiation being a function of location 
with respect to Jupiter. Io is highly differentiated into 
core, mantle, and crust, while Callisto appears to be only 
partly differentiated. In addition, Europa, Ganymede, 
and Callisto appear to have liquid water beneath icy 
crusts, as indicated by the behavior of the magnetic fields 
induced in each by Jupiter’s magnetic field. Ganymede’s 
high-density and molten core probably accounts for the 
generation of its own magnetic field, making it unique 
among the moons of the Solar System. 

In addition to the four large moons, Jupiter has some 59 
regular and irregular (1.e., captured) satellites, plus rings 
that are intimately associated with some of the smaller 
moons. The Jupiter system (Jupiter itself, its magnetic 
field, the moons, and the rings) 1s a high priority for future 
exploration. Although Europa is a central focus because 


Assignments 


1. Briefly explain how internal heating is generated 
within Io, Europa, and Ganymede as a consequence 
of their orbital geometries. 


2. Contrast the surface ages for lo, Europa, and Callisto 
and discuss the probable geologic reasons for the dif- 
ferences among the ages for the three moons. Include 





the difference between surface ages and ages of sat- 
ellite formation. 


3. Explain the concept of tectonic resurfacing, especially 
as related to Ganymede. 
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of its potential for astrobiology, the entire system is of 
interest in consideration of the evolution of habitable 
worlds. Thus, Io is an end member with its lack of water 
and extremely harsh radiation environment, while Callisto 
is at the other extreme with abundant water, most of which 
is frozen, and its lack of significant interior heating. 
Ganymede is somewhat more favorable for potential 
habitable zones, with its internal heat and apparent liquid 
water at depth, but, in a sort of “Goldilocks” scenario, 
Europa seems to be an ideal candidate for astrobiological 
exploration. It generates sufficient internal heat to fuel 
processes that are probably geologically active today 
(or certainly were in the recent past), while harboring 
liquid water closer to the surface than Ganymede. 
Although it, too, 1s bathed in radiation from Jupiter, hab- 
itats would be shielded by ice only a meter or so below the 
surface. 








4. Discuss why Europa is a high priority for astrobiolog- 
ical exploration. 


5. Briefly outline the differences between tectonic fea- 
tures on Europa and those on Callisto. 


6. Describe the primary characteristics of effusive erup- 
tions on Io in terms of compositions, styles of lava 
emplacement, and general morphology. 
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CHAPTER 9 


The Saturn system 


9.1 Introduction 


Saturn is an enormous planet, second in diameter only to 
Jupiter. From the discovery of rings around Saturn nearly 
400 years ago until the last three decades when rings were 
found around the other giant planets, Saturn was thought 
to be unique in the Solar System. Saturn has at least 62 
satellites, including Titan, which has global clouds and an 
atmosphere denser than that of Earth, and the moon 
Enceladus with its actively spewing geysers. Titan is the 
only outer planet moon on which a spacecraft has landed. 
Consequently, the Saturn system holds a special place in 
our view of the Solar System. 








9.2 Exploration 


When Galileo viewed Saturn through his telescope for the 
first time in 1610, he apparently thought he was seeing three 
separate objects, but later observations led to his publishing 
a sketch in 1616 that clearly showed Saturn and its ring 
system. Rapid improvements in telescopes and their appli- 
cation to planetary observations resulted in more detailed 
descriptions of Saturn and prompted wide speculation on 
the origin and characteristics of its system of rings. 
Exploration of the Saturn system by spacecraft began 
with the Pioneer I] flyby in 1979, followed by Voyager 1 
and Voyager 2 in 1980 and 1981, respectively. Pioneer I] 
data yielded new insight into the magnetic field generated 
by the planet and enabled the discovery of the F Ring. The 
Voyager spacecraft returned the first clear images that 
revealed the great geologic diversity of Saturn’s satellites. 
The paths of Voyagers I and 2 were planned to use a 
gravitational “boost” from Jupiter to speed them on their 
way to Saturn. Voyager J flew closer to Jupiter and received 
a greater boost in speed that allowed it to arrive at Saturn in 
November 1980, nine months earlier than Voyager 2. Aimed 





to make a close pass by Saturn’s giant moon, Titan, 
Voyager I also took high-resolution pictures of Mimas, 
Dione, and Rhea. The path of the Voyager 2 spacecraft 
was designed so that 1t would fly past Uranus and Neptune 
with a trajectory that nicely complemented that of Voyager 1 
and provided close views of Saturn’s moons lapetus, 
Hyperion, Enceladus, and Tethys. In addition to spacecraft 
observations, the Hubble Space Telescope has provided 
critical new information, especially on Saturn’s clouds. 

The Cassini-Huygens mission 1s a joint project that 
involves the NASA Cassini orbiter and the ESA Huygens 
probe of Titan. This mission is a “flagship-class” project 
and is the largest and most complex planetary spacecraft 
launched to the outer Solar System. Launched in 1997, it 
followed a trajectory similar to that of the Galileo Jupiter 
spacecraft by looping around the Sun to gain sufficient 
momentum to “sling-shot’ into the outer Solar System. 
This involved two flybys of Venus (in 1998 and 1999) 
and one past Earth (later in 1999), during which some 
instruments were calibrated using Earth’s Moon as a target. 
During its fly-through of the asteroid belt in early 2000, 
images were taken of asteroid 2685 Masursky to determine 
its diameter of 15—20 km. Later that same year, the Cassini 
spacecraft flew past Jupiter and obtained new data on the 
atmospheric structure of the planet and some characteristics 
of its rings, as well as images of Io’s volcanic eruptions 
from which movies were made. 





The Cassini orbiter and attached Huygens probe reached 
Saturn in mid 2004. Later that year, on December 25, the 
probe was released from the orbiter, and it reached Titan’s 
surface on January 14, 2005. As it descended through 
Titan’s atmosphere, various measurements of its temper- 
ature, pressure, and composition were made, as well as 
obtaining descent images. On reaching the surface, some 
instruments continued operation, including the cameras that 
returned the first images from the surface of an outer planet 
satellite. 
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The Cassini orbiter carries an imaging system, spec- 
trometers in the visible, IR, and UV ranges, and a radar 
imaging system to map Titan’s surface through the dense 
clouds. The payload also includes a magnetometer sys- 
tem, plasma spectrometer, cosmic dust analyzer, and an 
ion/neutral-species mass spectrometer. Following the 
release of the Huygens probe, Cassini was placed in 
orbit around Saturn in July 2004, with subsequent paths 
designed to make close flybys of the various satellites, 
similar to the sequences used by Galileo in orbit around 
Jupiter, and to make repeated observations of Saturn and 
the rings. Among the many exciting findings was the 





discovery in 2005 that Enceladus is a geologically active 
object with erupting plumes of volatiles from its south 
polar region. Particularly important for planetary geology 
are the observations of Titan obtained by Cassini’s radar 
system, which is capable of imaging the surface through 
the dense clouds. As this mission continues, swaths of 
radar data are slowly building a map of the surface of this 
intriguing moon. The orbiter is scheduled to continue 
operations until 2017, and, if all goes well, the result 
will be 155 orbits of Saturn, 53 flybys of Titan, and 11 
flybys of Enceladus, thus enabling long-term study of the 
active plumes. 


9.3 Saturn 


Saturn’s density is about 0.7 g/cm”, which is the lowest of 
all the planets. Like that of Jupiter, Saturn’s atmosphere 
consists of about 80% hydrogen, 18% helium, and 
amounts of oxygen, iron, neon, nitrogen, and sulfur total- 
ling less than 2%. The interiors of Saturn and Jupiter are 
also similar, with both probably having mantles and rocky 
cores. Saturn spins on its axis extremely rapidly, taking 
only 10 hours to complete one rotation. The high spin rate, 
coupled with the interior configuration of core and mantle, 
probably accounts for its large magnetic field, which 1s 
only slightly weaker than that of Earth but is much weaker 
than Jupiter’s enormous field. The rapid spin also causes a 
flattening of the poles and an equatorial bulge, leading to 
Saturn’s oblate spheroid shape. 

Although the atmosphere and cloud patterns on Saturn 
are not as spectacular as those on Jupiter, they are none- 
theless interesting. Like that of Jupiter, 1ts atmosphere is 
zoned, but the patterns are fainter and somewhat bland 
(Fig. 9.1). Saturn’s winds have been clocked at some 
500 m/s. Shear and up-welling of the atmosphere lead to 
some distinctive cloud patterns, including oval-shaped 
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Figure 9.1. This view of Saturn is a mosaic of 30 images taken by the 
Cassini orbiter in 2008, showing its prominent rings and the relatively 
bland clouds (NASA PIA11141). 


features that last from a few days to several years, appa- 





rently indicating the presence of storm systems. Unlike 
storms on Earth, which are driven primarily by heating 
from the Sun, saturnian storms are probably generated 
from heat derived from the interior of the planet. One of 
the most distinctive features is the Great White Spot, 
which is short-lived and appears and disappears about 
every Saturn year (30 Earth years). It is considered anal- 
ogous in some ways to Jupiter’s Great Red Spot; it typi- 
cally begins as a small bright feature in the northern 
hemisphere that expands laterally into an oval feature as 
wide as several thousand kilometers. 


9.4 Satellites 


The Saturn system (Fig. 9.2) has about the same number 
of known moons as Jupiter, with ~62 satellites that range 
in size from less than 10 km across to the Mercury-size 
object Titan, which has its own atmosphere of nitrogen 
that exerts a surface pressure of 1.45 bar (greater than that 
on Earth). All of the satellites have densities suggesting 
that they are ice-rich objects with different amounts of 
rocky material in their interiors. The nine largest moons 
were discovered telescopically, some as early as 1655. 
Most of their names are taken from Greek mythology, in 
which Dione, Rhea, Tethys, Mimas, Enceladus, Titan, and 
Phoebe were giants, while Hyperion and Iapetus were 
brothers of Saturn. 

Saturn’s moons display a wide variety of orbital 
motions. Twenty-four are regular satellites, meaning that 
they are traveling in the same direction as Saturn’s spin. 
Most of the remaining moons are irregular satellites, 
thought to be captured objects, which travel in a wide 
variety of inclined retrograde orbits. 
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Figure 9.2. A diagram of the major and some minor satellites of Saturn and the primary ring systems. The distances shown are on a logarithmic 


scale from the center of Saturn. 


Tethys 
D = 1048 km 


Earth's Moon 
D = 3476 km 
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D = 1528 km 


All but two of the major moons are in synchronous 
rotation around Saturn, which, analogously to the Galilean 
satellites, leads to the terms sub-Saturn, anti-Saturn, lead- 
ing, and trailing hemispheres. Voyager and Cassini 
images have been merged to generate global or near-global 
maps of many of the satellites, along with place names 
(Roatsch et al., 2009). The prime meridian (zero longitude) 
for each moon is defined by a prominent feature, such as a 
crater, near the center of the Saturn-facing hemisphere, with 
longitudes being numbered to the west. 

There are no obvious patterns relating the sizes or 
densities of the satellites to their distance from Saturn or 
to the degree of geologic activity among them. For sim- 
plicity, the moons are discussed beginning with the two 
satellites of high geologic interest, Titan and Enceladus; 
intermediate-size moons (Fig. 9.3) are given in the order 








Enceladus 
D= 502 km 


Bi felat= 
D=1118 km Figure 9.3. Comparative sizes of 
some of Saturn’s satellites; not 
shown are Saturn’s Titan, which 
is half again as large as Earth’s 
Moon, and the smaller moons of 
Saturn (from Moore et al., 2004). 
Reprinted from Icarus, 171, 
Moore, J.M., Schenk, P. M., 
Bruesch, L.S., Asphaug, E., and 
McKinnon, W.B., Large impact 
features on middle-sized icy 
satellites, 421-443, 2004, with 
permission from Elsevier. 


lapetus 
D = 1448 km 


of their orbital distance from Saturn, and then some of the 
small moons are discussed. 


9.5 Titan 


Titan 1s a remarkable moon. At 5,150 km in diameter, it 1s 
larger than Mercury and is in the same size class as 
Ganymede and Callisto. Like those satellites of Jupiter, 
its mass suggests that it is composed of about 45% water 
(mostly ice, but possibly some liquid) and 55% rocky 
material. What makes it remarkable is its dense atmo- 
sphere and surface conditions that allow liquids to exist. 
Although the satellite was the first to be discovered in the 
saturnian system (it was found by Christiaan Huygens in 
1655), the presence of an atmosphere was not suspected 
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Figure 9.4. A mosaic of Cassini images of Titan with some of its prominent place names; most of the radar-dark patterns in the equatorial 
region are fields of linear dunes; the scale bar applies to the equatorial zone (NASA PIA11149). 


until the twentieth century. In 1944, the Dutch-American 
astronomer Gerard Kuiper identified methane on Titan, 
which initiated speculation on the various chemical reac- 
tions that might be taking place in its atmosphere. 

The presence of extensive clouds was well established by 
the time the Voyager spacecraft arrived. Voyager scientists 
hoped that the clouds would be broken and sufficiently 
scattered to allow glimpses of the surface. Such was not 
the case, and the Voyager pictures are disappointingly 
bland, showing a relatively uniform orange—brown sphere 
with only hints of variations in the clouds. Limb views, 
however, showed layers in the atmosphere that are thought 
to be smoglike photochemical hazes. Later, Cassini’s radar 
and infrared imaging system provided maps and moderate 
resolution views of Titan’s surface (Fig. 9.4). 

Nitrogen is the main component in Titan’s atmosphere, 
along with methane, hydrogen, and other carbon—nitrogen 
components. It may be that, when Titan first formed, meth- 
ane and ammonia ices were caught up in the accreting mass. 
With heating and subsequent chemical differentiation, these 
compounds were released from the interior, forming an 
early-stage atmosphere. The action of sunlight on the 
ammonia released the nitrogen and allowed the escape of 
most of the hydrogen into deep space while methane 
remained on the surface. Calculations show that some of 
the methane evaporated and was dissociated by sunlight. 
The products recombined to form complex organic chem- 
icals, resulting in an orangish smog. 


Following the Voyager flybys, there was speculation on 
Titan’s surface processes and overall geology. All three 
states of methane seemed to be possible in the current 
environment, and it was suggested that methane gas and 
other molecules in the atmosphere condense to form 
clouds, snow, and rain, leading to rivers and lakes of liquid 
methane that could erode solid ice on the surface. Wind 
processes were thought to result from the dynamic atmo- 
sphere that could entrain small ice particles. These poten- 
tial surface processes and the chemical reactions, as 
shown in Fig. 9.5, were discussed by planetary scientist 
Jonathan Lunine (1990). 

The successful descent and landing of the Cassini— 
Huygens probe in 2005 yielded an enormous wealth of 
data on Titan’s atmosphere and surface. Measurements of 
wind speeds began at 150 km above the surface and were 
recorded at more than 100 m/s. As the probe descended, it 
was buffeted by fluctuating winds resulting from vertical 
shear; near the surface, winds were determined to be a few 
meters per second, well within the range for aeolian pro- 
cesses. Huygens’s Gas Chromatograph Mass Spectrometer 
measured not only the chemistry of the atmosphere but also 
the surface materials after landing, while the Descent 
Imager/Spectral Radiometer obtained images of the landing 
site. As the probe touched down, engineering data 
enabled the physical properties of the surface to be eval- 
uated; although the first descriptions of it were as a sort of 
“Titan mud,” later analysis suggested the presence of dry, 
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Figure 9.5. A diagram showing the inferred surface processes and cycle of methane and other components on Titan; methane can exist in gas, 
liquid, and solid forms. Thus, cryovolcanism and gradation in the form of wind, fluvial, lacustrine, and possibly glacial processes can occur, 
along with impacts and tectonic deformation, as portrayed here before the discoveries from the Cassini mission (from Lunine, 1990). 


sand-like ice grains. Images show the surface littered with 
pebbles and cobbles composed of ice, and their rounded 
appearance suggests erosion by some fluid (Fig. 9.6). 

Radar and infrared images from Cassini and the 
remarkable success of the Huygens probe amply confirm 
the speculation on Titan’s geology and provide evidence 
for impact cratering, gradation, tectonism, and possibly 
cryovolcanic processes, some of which are active today, as 
reviewed by Ralf Jaumann ef al. (2009a). 

Relatively few confirmed impact structures have been 
identified in images of sufficient resolution for detection. 
This paucity indicates the relative youth of Titan’s surface. 
Ksa crater (Fig. 9.7) in the equatorial region is about 
29 km in diameter and has a radar-bright inner wall and 
a distinct raised rim. The radar-bright central peak is 
surrounded by radar-dark terrain, suggesting smooth 
deposits. Ejecta extends as far as 40 km and has hints of 
radial striations. The ejecta deposits are encroached on by 
dunes on the west and are slightly eroded by a channel on 
the east. 


At 80 km in diameter, Sinlap crater is larger than Ksa 
but lacks a central peak. It does, however, also have 
extensive ejecta deposits with an inner, radar-dark band 
and an outer brighter zone, which might be comparable to 
the “ejecta flow” craters seen on Mars. If this is the case, 
the impact might have melted crustal ice to produce fluid, 
slurry-like ejecta. 

The largest confirmed impact structure is the 440 km in 
diameter Menrva, found in the northern mid-latitudes. 
This basin consists of two rings, both of which are com- 
posed of rugged, elevated mountains (Fig. 9.8). Relatively 





smooth (radar-dark) plains are found between the rings, 
and there are suggestions of ejecta deposits beyond the 
outermost ring. In addition to the handful of other known 
impact craters on Titan, dozens of features of possible 
impact origin are seen but are not imaged in sufficient 
detail for confirmation. 

The interior of Titan is likely to be partly differentiated. 
As reviewed by Sotin et al. (2009), Titan 1s modeled to 
have a silicate core, overlain by a zone of high-pressure 
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ice, an ammonia-rich water ocean, and an outer solid shell 
consisting of organic materials and ices. Interior heating 
from radiogenic sources in the core, coupled with tidal 
heating, could lead to tectonic and volcanic processes. For 
example, the ridges shown in Fig. 9.9 are likely to be tilted 
blocks of crust lifted by faulting. They occur in the moun- 
tainous region of Xanadu and are similar to features seen 





Figure 9.6. The Huygens camera returned these images from its 
landing site, viewed toward the horizon. The cobbles in the 
foreground are 10-15cm across and are thought to be composed of 
ice; their rounded appearance is attributed to erosion by a fluid, such 
as liquid methane (NASA PIA06440). 
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west of Shangri-La. In both regions, ridge belts are ori- 
ented east-west and are spaced about 50 km apart, sug- 
gesting tectonic compression in the north-south direction. 

Various possible cryovolcanic features were imaged by 
Cassini, but the image quality 1s rather low. These include 
numerous lobate flows, small domes, and putative calde- 
ras. Some of the flows, such as Ara Fluctus, appear to 


originate in calderas. Figure 9.10 shows a possible cal- 
dera about 100km across in the southern hemisphere. 
Although it could be a modified impact basin, it lacks 
raised rims and is rather irregular in plan-form. 





Figure 9.7. A Cassini radar image of Titan’s crater, the 30 km in 
diameter Ksa, showing its raised rim, central peak, smooth floor, and 
extended ejecta deposit. Ksa is in the terrain between the Xanadu 
and Fensal regions; the dark band across the image is a radar artifact 
(NASA PIA08737). 


Figure 9.8. The multi-ring impact structure, Menrva, has 
an outer rim diameter of 440 km, shown on this Cassini 
radar image mosaic; the horizontal bands are mosaic 
artifacts (NASA PIA07365). 
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Figure 9.10. A radar image of Titan, showing an irregular-shaped 
basin ~100 km across, which has been interpreted as being a 
cryovolcanic caldera; radar-dark and radar-bright features on the 
basin floor represent surfaces of different roughnesses, which could 
be flows of different textures. The dark band through the middle of 
the basin is the seam between two swaths of radar data (NASA 
Cassini PIA12111). 


By far the dominant surface process revealed by the 
Cassini—Huygens mission 1s gradation by wind and fluvial 
activity. Surface erosion and re-deposition by liquid meth- 
ane 1s evident, and these processes are likely to be active 
today. The first hints of fluvial processes came from the 
Huygens descent images, which showed a quasi-dendritic 
pattern of dark channels (Fig. 9.11). Subsequent radar 
images from the orbiter showed that channel systems 
(some of which are contained within valleys) are common 
in many areas of Titan, with some being at least 1,000 km 
long. Many studies of the channel-forming liquids and 
the flow dynamics in the Titan environment have been 
conducted, as reviewed by Jaumann et al. (2009a). For 
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Figure 9.9. These three mountain chains in Xanadu 
stretch 100 km in an east-west direction and are tectonic 
features, possibly resulting from north-south crustal 
compression. The radar-dark circular feature south of the 
chains could be an impact scar; the white dotted line is a 
gap in the radar data (NASA PIA10654). 





Figure 9.11. A mosaic of images from the Huygens descent camera 
showing the terrain around the probe landing site; the dark 
dendritic pattern is interpreted to represent fluvial run-off of liquid 
methane (ESA; NASA PIA07236). 


example, methane’s viscosity in the ~94 K environment of 
Titan would be some five times lower than that of water on 
Earth. Adjustments for flow conditions for Titan’s lower 
gravity and the composition of erodible surface materials 
(i.e., Organic compounds and water-ice) indicate that 
sand-to cobble-sized material (~15 cm) would be easily 
transported, which is consistent with materials seen in the 
Huygens images of the surface. 

Some channels are radar-bright, indicating that their 
floors are littered with coarse material, such as boulders, 
while others are radar-dark, which could indicate the 





Figure 9.12. Cassini radar images of Titan’s south polar area, 
showing complex, chaotic terrain degraded by a variety of processes, 
including fluvial erosion that formed the sinuous valley and channel 
system. The vertical black line is the seam between two images 
(NASA PIA10219). 


presence of liquid methane or smooth ice. Many of the 
channels and valleys form “ordered” systems of tributar- 
ies, similar to fluvial systems on Earth, suggesting runoff 
from precipitation, although some could emerge from 
underground sources. Some models of the rate of possible 
rainfall on Titan suggest that “flash-floods” could occur, 
while other models are much more conservative and sug- 
gest that precipitation is substantially less and would be 
comparable to desert conditions on Earth. One possibility 
is that high-volume precipitation occurs rarely, leading to 
occasional flash-floods that recharge subsurface reser- 
voirs, as 1s typical of a dry climate. 

Terrain such as that shown in Fig. 9.12 of the south 
polar region has been extensively modified by fluvial 
processes, which are evidenced by small narrow valleys, 
large meandering channel systems, and chaotic terrain. 

Some early considerations of Titan’s surface included 
vast oceans of liquid hydrocarbons; in fact, there was 
concern that the Huygens probe might land in such an 
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Figure 9.13. A radar image showing bodies of liquid methane- 
ethane in Titan’s north polar area. Such lakes and larger seas are 
abundant and are concentrated in the higher latitudes, especially in 
the north polar region; repeat radar imaging shows that some lakes 
disappear with Titan's seasons (NASA Cassini PIA09183). 


ocean and sink. While global oceans were not found, Titan 
has abundant lakes (Fig. 9.13), many of which are “fed” 
by channels and show distinctive shorelines. These fea- 
tures are radar-dark, indicating smooth surfaces, while the 
multispectral data show hydrocarbon compositions of a 
methane—ethane mixture. More than 1,000 such lakes 
have been found, ranging in size from a few kilometers 
across to the feature named Kraken Mare that is more than 
400,000 km? in extent. All of the lakes occur in polar 
regions, which is consistent with their methane—ethane 
compositions that require lower temperatures in order 
for them to be liquid. However, there are some 20 times 
more lakes seen in the north than in the south. This might 
be explained by Titan’s seasons that result from its orbital 
inclination and its 30-year journey around Saturn each 
Titan year. Because the orbit of Saturn itself around the 
Sun is not circular, even longer-term cycles of heating and 
cooling are possible. Lakes have been monitored through 
repeat imaging and some in the south polar region dis- 
appeared toward the end of the Titan southern hemisphere 
summer, as a consequence of evaporation. 

Aeolian processes constitute the other primary means of 
surface gradation. As shown in Fig. 3.36, wind tunnel 
experiments and theoretical considerations suggested 
that aeolian processes could occur on Titan (Greeley and 
Iversen, 1985). The extensive dunes were one of the most 
interesting Cassini discoveries. The dunes shown in 
Fig. 9.14 are typical of a band that covers 40% of the 
surface between 30° north and south of the equator. 
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Figure 9.14. A radar image of linear dunes in the Aztlan region of 
Titan. The dunes are thought to consist of grains of ice a few hundred 
micrometers in diameter. From the pattern of the dunes and their 
interaction with topographic highs (the radar-bright features), winds 
are inferred to blow from the west (left) to the east (right). The area 
shown is about 275 km by 250 km (NASA Cassini PIAO9182 part). 


>Nearly all are linear dunes, a non-genetic term that 
simply indicates their pattern as seen in map view. While 
many planetologists consider the Titan features to be 
longitudinal dunes, the image resolution is not adequate 
for this specific identification. Where the dunes interact 
with local hills, most terminate abruptly on the western 
sides; they appear to wrap around the topography and to 
have diffuse patterns on the east sides of the hills. These 
patterns suggest that formative winds are from the west to 
the east. Moreover, if they are longitudinal dunes, this 
would suggest that two wind regimes are dominant and 
meet at an acute angle, resulting in the duneform 
(Fig. 3.39). The puzzle, however, is that atmospheric 
models predict dominant winds in the opposite direction; 
this is a subject of current research. 

Aeolian processes require a supply of small particles 
and winds of sufficient strength to move them. Winds 
measured by the Huygens probe are well within the 
range to transport grains, but the source of sand-size 
particles is poorly understood. In principle, such sizes 
are generated by volcanic, tectonic, impact, and other 
processes. Certainly, these processes have occurred on 
Titan, but how would ice behave in the presence of these 
agents? This, too, is a subject of current study. 


9.6 Enceladus 





Figure 9.15. A Cassini image of Enceladus showing cratered terrain 
(upper right), smooth plains, and the set of parallel fractures 
(southern or lower part of image) referred to as “tiger-stripe” terrain 
(NASA PIA 06254). 


In summary, the processes that have shaped Titan’s sur- 
face are very familiar to terrestrial geologists, but the cold, 
low-gravity environment, coupled with the non-silicate 
composition of the crust, poses interesting challenges if 
we are to understand the evolution of Titan’s surface. It 
has been argued that, 1n some respects, Titan is analogous to 
a primordial Earth, especially with regard to the origin of 
life, making Titan a high priority for future exploration. 


9.6 Enceladus 


Enceladus is an extremely bright object because of its pre- 
dominantly ice surface. When it was first seen in detail in 
Voyager images of about 1 km per pixel, Enceladus posed an 
interesting problem: two provinces were seen globally, a 
heavily cratered terrain and a much younger terrain with a 
paucity of craters (Fig. 9.15). This suggested that recent 
resurfacing had occurred, but because the moon is only 
~504km in diameter, it seemed unlikely that such a small 
object could experience endogenic processes such as cryo- 
volcanism. As is often the case in planetary science, this was 
a faulty assumption, as was shown by the Cassini discovery 
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that Enceladus experiences actively erupting geysers. The 
eruptions spew water vapor, other gasses, and dust above the 
surface at a rate of ~100 kg/s (Fig. 9.16), some of which 
blankets the surrounding terrain. This material is also 
thought to myect ions into Saturn’s magnetosphere and to 
“feed” the E Ring. 





Figure 9.16. A Cassini image of Enceladus showing active geysers of 
mostly water and water-ice jetting from the “tiger-stripe” terrain in 
the south polar area. Despite the small size of this satellite (504 km), 
it experiences substantial geologic activity, apparently driven by 
tidal stresses in the interior (NASA PIA 12733). 
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Geophysical models now suggest that the interior of 
Enceladus (Fig. 9.17) could be differentiated into a core 
containing silicates, overlain by a global or regional liquid 
water zone and an outer ice shell. Internal heat to keep the 
water zone liquid and to “drive” the geysers is probably 
generated at least partly by tidal heating associated with 
the orbit of neighboring Dione, as discussed by Francis 
Nimmo et al. (2007). 

The global map of Enceladus (Fig. 9.18) shows the key 
terrains and named features. As reviewed by John Spencer 
et al. (2009), the principal terrains are (1) cratered plains, 
(2) western (leading) hemisphere fractured plains, (3) east- 
ern (trailing) hemisphere fractured plains, and (4) the 
south polar regions, as well as various smooth plains. 

Impact crater morphologies vary with size and apparent 
age. Craters of diameter <I km are typical bowl-shaped 
features, while craters 1-40 km in diameter show a wide 
range in stages of degradation, including very shallow 
features that result from viscous relaxation. Degradation 
increases with crater size, by geographic location toward 
the south (especially toward the south polar terrain), and 
with inferred terrain age. Many of the larger craters have 
central peaks, upwarped central domes (Fig. 9.19), and 
lobate ejecta deposits. Moreover, many craters in the 
cratered plains are tectonically modified by fine fractures. 

Tectonic features include scarps, troughs, ridges, and 
grooves (Fig. 9.20), giving some parts of Enceladus a 
superficial resemblance to Europa. However, unlike on 
Europa, high-standing ridges and ridge-complexes are 
mostly lacking. Tectonic features clearly truncate heavily 
cratered terrain, and the existence of the fine fractures 
cutting many of the impact craters on Enceladus would 


Figure 9.17. A diagram showing the possible interior of Enceladus 
(surface topography exaggerated) and the potential convection 
with the generation of geysers (from Spencer et a/., 2009; with 
permission from Springer Science+Business Media B. V.: Dordrecht: 
Springer, Saturn from Cassini-Huygens, 2009, 683-724, Enceladus: 
An Active Cryovolcanic Satellite, M. Dougherty, L. Esposito, and 

S. Krimigis (eds.), Fig. #3). 
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Figure 9.18. A mosaic of images for Enceladus with key place names (from Roatsch et a/., 2009). 
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Figure 9.19. A Cassini image of Enceladus showing cratered terrain, 
including a dome-floored crater (upper left) about 21 km in diameter 
(NASA PIA06210). 


suggest that crustal deformation continued into recent 
geologic times and could even be active today. The largest 
tectonic features are canyons such as Labtayt Sulci, which 
is 200km long and up to 10km wide. Narrow linear 





Figure 9.20. Tectonic deformation indicates the geologic activity of 
Enceladus; the prominent fracture-graben system seen here, named 
Labtayt Sulci, is as wide as 5km and extends more than 100 km 
(NASA PIA06191). 


grooves that are less than a few hundred meters wide are 
also seen, especially in the fractured terrains. 

By far the most exciting aspect of Enceladus is the 
long-lived erupting plumes, making this object one of 
only a handful in the Solar System with confirmed geo- 
logic activity. Plumes are traced hundreds of kilometers 
above the surface and erupt from jets in the south polar 
region (Fig. 9.21). Repeated observations from Cassini 
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and on-board compositional analysis of materials col- 
lected by the orbiter during its passage through the 
plumes provide critical information on the nature of the 
cryovolcanic eruptions. The components in the plumes 
are ice grains containing salt, water vapor, nitrogen, 
carbon dioxide, ammonia, methane, and other organic 
compounds. 

The eruptive jets are associated with the “tiger-stripes,” 
which consist of four parallel fractures, each of which 1s 
~130 km long and 2 km wide and flanked by ridges as high 
as 0.5km and as wide as 4km. Remote sensing of the 
terrain indicates the presence of chucks of ice as large as 
10m and coarsely crystalline ice grains not seen else- 
where on Enceladus. Because coarse ice grains are short- 
lived in the Enceladus environment, these deposits are 
estimated to be younger than 1,000 years. Cassini meas- 
urements over the fractures show temperatures as high as 
157K, considerably elevated over the average for the 
surface of 68 K. Coupled with plume observations, most 
planetary scientists consider the eruptions (or geysers) to 
be derived from one or more subsurface pockets of high- 
pressure liquid water. A compelling argument has been 
made by Dennis Matson and other Cassini scientists that 
Enceladus seawater contains dissolved carbon dioxide 
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Figure 9.21. This mosaic of Cassini images is 
centered on the south polar region of 
Enceladus and shows the so-called “tiger- 
stripe” terrain consisting of huge, parallel 
fractures (NASA PIA12783). 
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and other gasses that exsolve close to the surface, produc- 
ing explosive plumes much like fizzy soda water once the 
cap is taken off. 

Enceladus, along with Europa and Titan, is a future 
target in the exploration of life in the outer Solar System. 
The presence of a rich organic soup, the likelihood of 
liquid water (either in pockets in the icy crust or in a larger 
subsurface ocean), and the presence of internal heat com- 
bine to suggest an environment, or habitat, favorable to 
astrobiology. Regardless of the outcome of its astrobio- 
logical exploration, Enceladus remains important for geo- 
logic study. 


9.7 Intermediate-size satellites 


For the following moons we have sufficient data to 
describe their geology, and they are listed in order of 
distance from Saturn, beginning with Mimas. 


9.7.1 Mimas 


Mimas, like Enceladus, was discovered by Herschel in 
1789. This heavily cratered object (Fig. 9.22) orbits Saturn 
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Figure 9.22. A mosaic of Cassini images of Mimas with key place names (from Roatsch et a/., 2009). 


between two rings and is considered to be responsible for 
keeping the zone free of small particles. Mimas’ density 
is only slightly greater than that of water (1.15 g/cm’), 
suggesting that it 1s composed mostly of water-ice with 
only small amounts of rocky material. With a diameter of 
396 km, it is nearly the same size as Enceladus, and these 
two neighbors present a remarkable contrast in geology, 
despite being in the same size class. While Enceladus is 
geologically active and displays terrains that are young, 
Muimas is not differentiated, shows no evidence of internal 
activity, and has an impact crater frequency among the 
highest in the Solar System. 

Impact craters range in size from the limit of detection 
(~1 km) to the 140km impact crater Herschel, which is 
nearly one-third the size of the moon (Fig. 9.23). Crater 
Herschel is 10 km deep and has a central peak that rises 
6 km above its rugged floor. Cassini images show exten- 
sive mass wasting on the walls of Herschel and other large 
craters. This form of gradation includes massive slump 
blocks and downslope movement of debris, visible as 
albedo streaks. Although Mimas is heavily cratered, the 
size—frequency distributions vary somewhat by location, 
with the south polar region having a paucity of impacts of 
diameter >20 km. While various ideas have been proposed 
to explain this observation, it is plausible that larger 
impacting bodies are excluded from striking this area 
due to orbital geometries. 





Figure 9.23. A Cassini image of Mimas and the 140 km impact crater, 
Herschel (NASA PIA06285). 


Various grooves (chasmata), some as large as 100 km 
by 6km, are visible on Mimas and are exemplified by 
Camelot and Ossa Chasmata. Most of the grooves are 
probably associated with the impact of Herschel crater, 
in which deformation approximately radial to the crater 





severely fractured the terrain. Oeta Chasma, however, 1s 
tangential to Hershel and would seem unrelated to this or 
any other obvious impact structure seen on Mimas. In 
addition to the large chasmata, small grooves and hints 
of fine fractures are seen, which are also attributable to 
impacts. 

A bizarre discovery for Mimas was made when the 
Cassini infrared spectrometer mapped the surface temper- 
atures. Highest temperatures were expected over the 
terrain warmed by the Sun in the afternoon, but maps 
showed a peculiar V-shaped pattern like the video game 
“Pac-man” eating a dot, in this case Herschel crater 
(Fig. 9.24), in which the highest temperatures were 
found in the morning. In addition to the “V,” a warmer 
spot was mapped just to the west of Herschel’s rim. A wide 
variety of explanations has been offered, including possi- 
ble relationships to Hershel’s ejecta deposits, but none is 
entirely satisfactory. This discovery demonstrates that the 
Solar System continues to hold new and unanticipated 








findings, especially when data from new instruments and 
higher resolutions are obtained. 


9.7.2 Tethys 


Tethys is 1,048 km in diameter, more than twice the size of 
Enceladus, and also displays evidence of crustal deforma- 
tion and resurfacing. Its density is only 0.97 g/cm”, mean- 
ing that it is composed mostly of water-ice. Ridges, 
grooves, and smooth plains are present but are not as 
extensive as those on Enceladus. The general geology of 
Tethys was mapped from Voyager images as older, heav- 
ily cratered terrain and smooth plains (Figs. 9.25 and 9.26) 
which represent resurfacing. The cratered terrains have 
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Figure 9.24. A visible image 
(left) of Mimas compared with a 
combined thermal map and 
visible image (right) showing 
the puzzling “Pac-man” pattern 
of temperatures in which high 
temperatures (>90 K) are shown 
in white and average surface 
temperatures (~77 K) are shown 
in gray (NASA PIA12867). 





Figure 9.25. A Voyager 2 image of Tethys showing heavily cratered 
terrain in the upper left of this view and the smooth plains to the 
lower right. The central-peak impact crater toward the top of the 
view is Telemachus, which is about 92 km in diameter (NASA 
PIA01397). 


rugged topography and a high frequency of degraded 
craters >20 km in diameter. The plains are more sparsely 
cratered and are approximately centered on the trailing 
hemisphere. 

The two most striking features on Tethys are Odysseus, 
an impact crater 445 km in diameter (about 40% of the 
satellite’s diameter), and an enormous canyonland named 
Ithaca Chasma, which wraps at least three-quarters of the 
way around the globe. Odysseus is a shallow crater with a 
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Figure 9.26. A mosaic of Voyager and Cassini images for Tethys, showing key place names (from Roatsch et a/., 2009). 





Figure 9.27. An oblique view of Odysseus crater. This 445 km impact 
structure has a central peak complex and a rugged floor. The shallow 
depth of Odysseus suggests viscous relaxation of the rim (NASA 
PIA07693). 


ring-like central peak complex (Fig. 9.27). Its low relief 
may have resulted from viscous flow of the icy litho- 
sphere. The impact that formed Odysseus could have 
occurred when Tethys was partly liquid and the ice in its 
interior was soft and plastic. Although most of the larger 
impact craters, such as Telemachus and Melanthius, have 
distinctive central peaks, others lack this structure. 

Ithaca Chasma is a branching canyon system nearly 
2,000 km long, 100 km wide, and ~4km deep (Fig. 9.28) 
with wall terraces that were probably formed by enormous 





Figure 9.28. A shaded relief map of Tethys prepared from Voyager 
images centered on the sub-Saturn hemisphere at 0° longitude, 
showing Ithaca Chasma (courtesy of the US Geological Survey, 
Flagstaff). 


landslides. The canyon system is roughly antipodal to 
Odysseus and may have been created as some sort of 
crustal response to the impact. Alternatively, the canyon 
might have formed in response to interior expansion as 
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Figure 9.29. A mosaic of images for Dione with prominent place names (from Roatsch et a/., 2009). 


liquid water froze early in Tethy’s evolution, causing ten- 
sional fractures in the outer ice crust. 

As on Mimas and other icy satellites, slopes on Tethys 
display downslope movement of debris by mass wasting. 
Its surface is further modified by the proximity of Tethys 
to the E Ring, which is fed water-ice grains by eruptions 
from Enceladus. These grains are thought to impact 
Tethys, contributing to its very high albedo. 


9.7.3 Dione 


Dione is 1,120 km in diameter, or about the same size as 
Tethys, but is considerably more dense. At 1.43 g/cm”, it 
is composed of water and about 46% rocky material, more 
than the other satellites of Saturn. Dione’s surface consists 
of heavily to lightly cratered plains and terrains that are 
tectonically modified (Fig. 9.29). The heavily cratered 
terrain is on the trailing hemisphere, where the largest 
craters are found, while the leading hemisphere is more 
sparsely cratered. Prior to the imaging of Dione, some 
planetary scientists had suggested that the leading hemi- 
sphere should be more heavily cratered. When just the 
opposite was found, it was suggested that Dione might 
have been locked with Saturn in a different position, and 
that large impacts could have re-oriented the moon. The 
discovery of many large craters on Dione tends to support 
this hypothesis. Craters >80km typically have central 





Figure 9.30. An oblique view of the southern hemisphere of Dione 
and Erulus crater. This impact structure is 120 km across and has a 
large central peak (NASA Cassini PIA12743). 


peaks (Fig. 9.30). Seen in detail (Fig. 9.31), the steep 
slopes on the crater walls and central peaks are generally 
bright, indicative of exposures of fresh ice by mass 
wasting, while the crater floors tend to be darker. 
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Figure 9.31. A high-resolution view of the interior of a60 km impact 
crater on Dione, showing its inner wall (left) and central peak (lower 
right); the bright slopes are fresh ice exposed by mass wasting. Also 
seen are fine fractures cutting across the crater floor (Cassini NASA 
PIA07748). 





Figure 9.32. This view of Dione is centered approximately on the 
sub-Saturn hemisphere, showing heavily cratered terrain (left) and 
smoother plains that have a lower frequency of superposed craters, 
reflecting the relative youth of the surface; this area shows bright 
wispy albedo patterns, some of which are bright rays of ejecta but 
most of which are scarps along fractures (NASA Cassini PIAO1366). 


The trailing hemisphere of Dione shows a network of 
bright, wispy streaks on a dark background (Fig. 9.32). 
The streaks, however, do not resemble the typical bright 
rays found with impact craters but follow irregular paths. 


Figure 9.33. Cratered terrain on Dione; the walls and fractures 
exhibit bright slopes that result from mass wasting and the exposure 
of fresh ice, as seen here in the Carthage Linea region (NASA Cassini 
PIA07638). 


First seen on Voyager images, these markings were 
thought to be frost, perhaps deposited by explosive 
releases of gas from the interior through fractures in the 
crust. Cassini images now show that they are tectonic 
fractures (Fig. 9.33), the cliffs of which are very bright, 
indicative of exposures of fresh ice. 


9.7.4 Rhea 


At 1,528 km in diameter, Rhea (Fig. 9.34) is the largest of 
the intermediate-size satellites of Saturn, second in size 
only to Titan. Like Dione, its trailing hemisphere is dark 
and has bright wispy markings that are fresh ice exposed 
on fracture walls (Fig. 9.35). Parts of Rhea’s surface are 
dominated by large, degraded craters and resemble the 
lunar highlands. Many of the craters show the “flattening” 
resulting from viscous relation, but not to the same degree 
as those of Ganymede. 

Rhea’s density suggests that it is about three-quarters 
water and one-quarter rocky material, but there 1s sub- 
stantial debate as to whether Rhea is differentiated 
because there is disagreement on the available geophys- 
ical data. However, Peter Thomas et al. (2007) argued that 
the triaxial shape of this moon probably means that it 1s a 
homogeneous (undifferentiated) body. Thus, the observed 
fractures would have resulted from tectonic deformation 
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Figure 9.34. An image mosaic of Rhea with key place names (from Roatsch et a/., 2009). 





Figure 9.35. A Cassini image of Rhea’s terrain in the sub-Saturn 
hemisphere showing that the bright wispy features are steep slopes 
where fresh ice is exposed; in the lower left part of the image is 
Inmar, a central-peak crater 55 km in diameter (NASA PIA12809). 


from impacts or changes in global volume related to the 
formation of different phases of ice. 

Much of Rhea’s cratered terrain is in equilibrium, and 
most of the larger craters display central peaks, scalloped 
walls, and degradation by superposed impacts (Fig. 9.36). 
At least two basin-sized impacts are present, including the 





Figure 9.36. A view of a heavily modified central-peak crater on 
Rhea; the area shown is about 130 km across (NASA Cassini 
PIA12742). 


360 km Tirawa (Fig. 9.37) which has been heavily bat- 
tered by superposed impacts (Fig. 9.38). 


9.7.5 lapetus 


Iapetus (Fig. 9.39) is 1,436 km in diameter, nearly the twin 
of Rhea in size, but its lower density of ~1.2 g/cm? suggests 
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Figure 9.38. An oblique view of the western rim (arcuate ridge) of 
Rhea’s Tirawa basin and its floor to the right of the rim; the number 
of superposed impacts on the rim and floor indicates a surface that is 
in impact equilibrium in which craters are destroyed at the same rate 
as that of their formation (NASA Cassini PIA12856). 





Figure 9.37. A Cassini image of Rhea’s leading hemisphere and the 
360 km in diameter Tirawa basin near the terminator (NASA 


PIA08976). 
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Figure 9.39. A mosaic of lapetus showing prominent place names (from Roatsch et a/., 2009). 


that it is composed of more ice than that proposed for Rhea. leading hemisphere is extremely dark, the trailing hemi- 
Since the satellite’s discovery in the seventeenth century, sphere and polar regions are very bright. Surface features 
the contrasts in surface brightness on Iapetus have been are difficult to see in the dark area (named Cassini Regio), 
recognized as distinctive in the Solar System. While the — but craters are abundant, the largest of which is the 580 km 





Figure 9.40. A mosaic of 60 Cassini images of lapetus showing the 
dark terrain of the leading hemisphere and the bright terrain of the 
trailing hemisphere; the impact structure toward the south is 
Engelier, a 450 km basin, one of many seen on this moon (NASA 
PIA08384). 


in diameter Thurgis. Large impact structures are also clearly 
visible in the north polar area and in the trailing hemisphere 
bright terrain, including the 504km in diameter Engelier 
(Fig. 9.40). Most of the large craters have central peaks and 
well-defined rims. The lack of relaxation of the larger 
craters suggests that a thick (50-100 km) ice lithosphere 
was present early in Iapetus’ history. Gradation in the form 
of mass wasting is seen on some of the steep slopes 
(Fig. 9.41). 

The boundary between the bright and the dark terrain 1s 
transitional. As seen in high-resolution Cassini images 
(Fig. 9.42), crater floors and other low-lying areas are 
dark, giving the appearance of “pooled” material. The 
frequency of the dark material increases toward the dark 
terrain until the entire surface has the distinctive low 
albedo. 

Since the discovery of Iapetus by Giovanni Cassini in 
1671 and study of its two-toned appearance telescopically, 
there has been speculation on the cause of the albedo 
dichotomy. Particularly controversial is the source of the 
dark material, which is about as black as asphalt and is 
thinner than ~0.5 m. The generally accepted model is that 
it is a lag deposit resulting from the sublimation of the icy 
matrix that contains carbonaceous debris mixed with met- 
allic iron and possibly dust derived from Phoebe, which 
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Figure 9.41. This huge landslide on lapetus was derived from a 15 km 
high wall of a 600 km impact basin and slid half-way across the floor 
of the 120 km crater seen in the middle of the image (NASA Cassini 
PIA06171). 
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Figure 9.42. A Cassini image of the transition zone between the 
bright and dark terrains of lapetus, showing the concentration of 
dark material in craters and other topographically low areas of the 
surface; the area shown is 37 km across (NASA PIA08374). 


would be preferentially implanted on the leading hemi- 
sphere. In addition, because the polar regions are colder 
than lower latitudes, the volatiles would migrate toward 
the poles to form frost; with time, there would be a 
positive feedback for the formation of the lag deposits in 
which the dark areas would absorb more energy (causing 
additional sublimation and concentration of dark lag), 


while the frost areas would reflect more energy and retard 
sublimation. 

A particularly fascinating discovery is the curious ridge 
that girdles much of Iapetus through Cassini Regio, nearly 





Figure 9.43. lapetus viewed by Cassini showing the dark terrain of 
Cassini Regio and the unusual ridge that coincides with the equator; 
the ridge is 1,200 km long and as high as 10 km; the origin of the 
ridge remains to be explained (NASA PIA06166). 
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coincident with the equator (Fig. 9.43). The ridge 1s some 
1,200 km long, 20 km wide, and stands as high as 10 km. It 
includes continuous segments >100km long, separate 
peaks, and parallel ridge-sets and might extend into the 
bright terrain as a series of isolated peaks. Jaumann et al. 
(2009b) note that the ridge might have resulted from a disk 
of impact debris striking Iapetus, from tectonic deformation 
related to “despinning” of Iapetus, or from internal con- 
vection and up-welling; however, all of these ideas have 
problems and the ridge’s origin remains a mystery! 


9.7.6 Small satellites 


“Small” satellites range in size from 25 to 220km in 
diameter and include a wide variety of objects, as dis- 
cussed by Carolyn Porco and her Cassini colleagues 
(Porco et al., 2007). Phoebe (Fig. 9.44), the outermost 
saturnian satellite, is in a retrograde orbit inclined to the 
equatorial plane of Saturn. This unusual orbit suggests 
that Phoebe was captured by Saturn. Estimates of its 
mass were derived from Cassini flybys, which give a 
density of ~1.63 g/cem® and suggest that it has the highest 
proportion of rocky material of the satellites discussed 
above. Phoebe is roughly spherical (Fig. 9.45) and is the 
darkest object in the saturnian system, its surface being 
composed of carbonaceous material. 
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Figure 9.44. A mosaic of images for Phoebe with key place names (from Roatsch et a/., 2009). 
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Figure 9.45. A Cassini image of Phoebe showing the heavily crater 
surface (NASA PIA06064). 


Five of Saturn’s small satellites are found inside the orbit 
of Mimas. Two, Janus and Epimetheus, are called co-orbital 
satellites because their orbits are within 50 km of each other. 
They are thought to be remnants of a larger moon broken 
apart by impact collision. Three additional small moons, 
Calypso, Telesto, and Helene, are Lagrangian satellites. It 
has long been known that a small object can have the same 
orbit and speed as a larger object, so long as it maintains a 
60° arc ahead of or behind the larger object in positions 
called Lagrangian points. Tethys has two such small objects 
in its orbit; Dione has one. 

Finally, Hyperion is a small, irregular-shaped object 
(Fig. 9.46) whose elliptical orbit is just outside that of 
Titan. Measuring 350km by 235km by 200km, this 
heavily cratered object includes both angular and rounded 
parts. This moon 1s very dark, and, although its mass has 
not been determined, it 1s presumed to be composed of ice 
and rock. In addition to craters as large as 120 km, the 
surface displays scarps that may be part of a connected, 
arcuate feature nearly 300km long that could be the 
remnant of a crater. Because of its irregular shape, heavily 
cratered surface, and a possible huge impact scar, 
Hyperion is considered by most investigators to be the 
remnant of a much larger object that was shattered by 
collisional or impact processes. 
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Figure 9.46. A mosaic of six Cassini images of Hyperion; the dark 
material in the floors of many of the craters is likely a lag deposit left 
from the sublimation of ice (NASA PIA0O7761). 


9.8 The ring system 


Saturn’s rings occur in sets (Figs. 9.1 and 9.2) and are 
composed mostly of water-ice, which ranges 1n size from 
tiny dust specks to 10m boulders. The subtle ice colors 
include reddish tan and brown tones due to impurities, 
such as iron oxide, or to structural damage in the ice 
crystals caused by ultraviolet radiation from the Sun. 
Saturn’s rings extend from about 53,000 km to nearly 
360,000 km above Saturn, and the entire system 1s very 
thin (averaging 20 m thick) so that, when viewed from the 
side, it looks like a knife edge. Despite the enormous 
extent of the rings, if all of the ring material were accu- 
mulated, it would form a satellite less than 500 km across. 

Ring elements are designated by letters that are based 
on the sequence of their discovery rather than on their 
position in relation to Saturn. The innermost (the D Ring) 
is barely visible and consists of very narrow ringlets 
composed of fine-granulated particles that appear to 
be “leaking” inward from the C Ring toward Saturn. The 
C Ring consists of light and dark bands of centimeter- to 
meter-sized particles but also includes some larger 
objects. This ring contains little or no dust, most of it 
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evidently having been swept away to form the D Ring. 
The B Ring is the brightest of Saturn’s rings and is about 
2km thick, making it thicker than any other ring. It is 
composed mostly of particles ~10cm in diameter, 
although some may be as large as 10m. 

Transient, spokelike patterns appear superposed on the 
B Ring. Each “spoke” 1s 10,000 km long and 100—1,000 km 
wide. They radiate outward through the B Ring and appear 
and disappear with time. These are thought to be clouds of 
dust particles, perhaps levitated by electrostatic forces gen- 
erated as the ring particles collide with each other. 

The A Ring is the outermost of the large, bright rings 
and consists of several narrow ringlets, with the outermost 
ringlet having a sharp, well-defined edge. Atlas is a small 
satellite discovered during the Voyager mission and is in 








orbit just outside the A Ring. Referred to as a “shepherd- 
ing” satellite, 1t appears to constrain material in the A Ring 
by gravitational forces. Separating the A Ring from the B 
Ring is the Cassini “division,” named after the Italian 
astronomer Gian Domenico Cassini. First thought to be 
relatively free of particles, spacecraft images show that 
narrow rings are present within the division. 

Pioneer data revealed the F Ring, which is ~700 km wide 
and orbits beyond the A Ring. It is bound by two “shep- 
herding” satellites, Pandora and Prometheus, that appear to 





keep the ring particles constrained to a very narrow orbit. 
The arc-like G Ring 1s composed of ice grains just inside the 
orbit of Mimas while the wide, diffuse E Ring begins near 
Mumas and extends to Enceladus. The E ring 1s composed 
of fine ice grains, rocky material, and carbon dioxide orig- 
inating from the Enceladus eruptions. The Phoebe Ring, 
discovered in 2009, resides just within the orbit of Phoebe, 
making it the outermost of Saturn’s rings; it is thought to 
originate from impacts on Phoebe or to be otherwise 
derived from Phoebe. 

Some planetary scientists suggest that Saturn’s rings 
represent one or more satellites that were broken apart 
by tidal forces or through collisions. Alternatively, the 
rings could be composed of material that never accreted 
to form one or more satellites in the early stages of the 
Solar System’s formation. In 2010, planetary scientist 
Robin Canup proposed a new theory of Saturn’s ring 
formation based on Cassini data and elegant computa- 
tional modeling. She suggested that early in the history 
of the Saturn system, there were large, differentiated 
moons composed of ices and rocky material, comparable 
to Titan. Tidal forces stripped the outer layers of ice-rich 
material from the outer shell of one such object, while the 
rocky part spiraled inward to Saturn. The icy material 
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spun outward to form the nearly pure water-ice ring par- 
ticles seen today. Canup (2010) suggests that, as this 
system evolved, the mass decreased and “spawned” icy 
moons at the outer edge of the system, including Tethys. 


9.9 Summary 


Saturn, like Jupiter, is a giant planet composed mostly of 
gasses, likely surrounding a central rocky core. It, too, has 
complex cloud patterns driven by internal heating and 
leading to features such as the ephemeral Great White 
Spot. Of all the planets of the Solar System, Saturn has 
the greatest diversity of moons and ring systems. Its largest 
satellite, Titan, has long been held in fascination from a 








geologic perspective. Given its dense nitrogen atmosphere, 
the presence of methane, and a temperature regime in which 
all three states of methane (solid, gas, and liquid) could 
exist, following the Voyager results there was speculation 
that Titan’s surface could be modified by extensive pro- 
cesses of gradation. This speculation was confirmed when 
the Cassini-Huygens results showed extensive, integrated 
fluvial networks, many of which empty into pools of liquid 
methane. Vast dune-fields attest to the action of winds in the 
dense atmosphere, showing that aeolian processes are 
important, especially in the equatorial region of Titan. 
Although there is not yet direct evidence that gradation 
processes are currently active, the shrinking of lakes sug- 
gests that methane 1s cycling between the surface and the 
atmosphere as a function of Titan season. 

Cassini images revealed the presence of active geysers 
on Enceladus, adding this moon to the small set of Solar 
System objects that demonstrate active internally driven 
processes. This discovery came as a surprise because 
Enceladus seemed too small (~504km in diameter) to 
generate internal heat. The active geysers emanate from 
the so-called “tiger-stripe” terrain of the south pole region 
and can be traced more than 100 km above the surface. 
The geyser plumes consist mostly of water vapor and 
include other gasses and dust particles, some of which 
might “feed” into Saturn’s E Ring. The presence of water 























and its internal energy make Enceladus a potential target 
for astrobiological exploration. 

Saturn’s other moons span a wide range of sizes, orbital 
characteristics, and geologic histories. While Mimas is in 
the same size class as Enceladus, its heavily cratered surface 
indicates little internal activity since its formation. The 
presence of canyon systems is attributed to adjustments of 
the ice-shell in response to the formation of the impact 
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crater, Herschel. At 1,048 km in diameter, Tethys is about 
twice the size of Mimas and also has extensive canyon 
systems, most notably the 2,000 km long Ithaca Chasma. 
It, too, might have formed in response to an enormous 
impact (resulting in Odysseus crater). 





Some of Saturn’s moons show contrasting bright and 
dark hemispheres. For example, Iapetus has a very dark 
leading hemisphere and a bright trailing hemisphere, with 
a gradational boundary between the two. The difference is 
commonly attributed to the formation of a dark lag deposit 
of carbonaceous material left on the surface after subli- 
mation of an icy matrix. Additional dark material might be 
implanted from dust derived from the neighboring moon, 
Phoebe. 


Assignments 


1. Construct one or more graphs of Saturn’s moons to 
assess potential relationships among satellite density, 
diameter, orbital distance from Saturn, retrograde ver- 
sus prograde orbit, and geologic characteristics, and 
then discuss the results. 


2. Compare and contrast the tectonic features seen on 
Muimas and Tethys. 


3. Rhea and Iapetus have about the same diameter, but 
their densities are different. Examine images of 
these two moons and identify a crater that is of 
equal size on each. Compare their morphologies 
and explain any differences between the two as 


The Saturn system 


Galileo discovered Saturn’s hallmark ring system in the 
early 1600s. Subsequent telescopic observations and 
spacecraft data show that the system is highly complex, 
featuring interactions with many of Saturn’s moons. Rings 
consist mostly of water-ice grains that range in size from 
dust to boulders. The various ring elements are designated 
by letters that indicate their sequence of discovery, not 





their distance from Saturn. For example, the A Ring is the 
outermost large, bright ring, while the F Ring was discov- 
ered through Pioneer observations and 1s bounded by two 
small moons that seem to keep the ring particles within a 
very narrow band. Current models suggest that most of the 





rings were generated by the tidal breakup of one or more 
satellites. 


related to differences in gravity between Rhea and 
lapetus. 


4. Some of Saturn’s moons have distinctive differences in 


albedo from one part of the satellite to other parts of the 
surface. Explain how these differences might originate. 


5. Discuss briefly the relationships between the satellites 


of Saturn and the various rings. 


6. Examine images of Titan’s dunes and discuss the 


differences and similarities with dunes seen on Venus 
and Mars in terms of sizes, morphologies, and inferred 
directions of formative winds. 
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CHAPTER 10 


The Uranus and Neptune systems 


10.1 Introduction 


Sir William Herschel was an amateur astronomer in Bath, 
England, who built his own telescopes to view stars. In 
March 1781 he observed a point of light that did not 
behave like a normal star. At first, he thought that it was 
a comet, but, with further observations, the object was 
shown to be the seventh planet — the first to be discovered 
in historical times. Although initially he suggested that it 
be named Georgium Sidus (George’s star) after the reign- 
ing King George III, it was subsequently named Uranus 
after the Roman god of the heavens. 

Following the discovery of Uranus, Neptune’s exis- 
tence was predicted before it was actually seen. 
Observations of the orbit of Uranus and the application 
of the laws of physics suggested that some object ought to 
exist beyond Uranus to account for its motions. On the 
basis of independent calculations by the British mathema- 
tician John Couch Adams and the French mathematician 
Le Verrier, a German astronomer, Johann Gottfried Galle, 
used a telescope at the Berlin Observatory to search for the 
proposed object. On the very first night of his search, 
September 23, 1846, Galle found the suspected planet 
within one degree of the predicted position. 

Herschel continued viewing Uranus and in 1787 dis- 
covered the two largest satellites, later named Titania and 
Oberon. Subsequently, in 1851, Umbriel and Ariel were 
found, but it was not until nearly 100 years later that the 
fifth large moon of Uranus was discovered by Gerard Kuiper 
and named Miranda. The discovery of Neptune’s large 
moons followed a similar path to the discovery of those of 
Uranus. Only 17 days after the discovery of Neptune in 
1846, its largest moon, Triton, was found by William 
Lassell. Again, it was more than a century until the other 
large moon, Nereid, was found in 1949, again by Kuiper. 

Most information on the geology of the uranian and 
neptunian satellites comes from the Voyager J and 2 





flybys in 1986 and 1989, respectively, the trajectories of 
which were optimized for coverage of the moons. There 
were, however, some critical aspects of the flybys that had 
to be taken into account. At Uranus’ distance of 3 billion 
kilometers from the Sun, and an even greater distance for 
Neptune, the amount of light illuminating the satellites is 
extremely low, making it difficult for Voyager’s vidicon 





imaging system to take pictures. Some camera exposures 
had to be as long as 96 seconds, but, because the space- 
craft was traveling so fast, the long exposures would have 
resulted in image “smear” (imagine trying to snap a pic- 
ture of an oncoming car through the window of your car 
with a camera exposure time of nearly two minutes). 
Fortunately, the talented engineers at JPL devised an 
image motion compensation routine in which the space- 
craft was rotated while staying locked in position on the 
target, thus enabling high-quality images to be taken 
despite the long exposure times. 





10.2 Uranus and Neptune 





While Jupiter, Saturn, Uranus, and Neptune are referred to 
as giant planets because they are so large, there are sig- 
nificant differences between the sets Jupiter—Saturn and 
Uranus—Neptune with regard to their interiors. As noted in 
Chapters 8 and 9, Jupiter and Saturn are composed pri- 
marily of hydrogen in various forms (including metallic 
hydrogen) and helium, while Uranus and Neptune include 
substantial amounts of water in both frozen and liquid 
states, along with ammonia, methane, and proportionally 
large rocky cores. Such a configuration allows electrical 
dynamo conditions, enabling the generation of magnetic 
fields. 

Uranus takes 84 Earth years to orbit the Sun once and is 
unique among the major planets in our Solar System in 
that its axis of rotation is tilted about 82°, making it nearly 
horizontal with the ecliptic plane (Fig. 10.1). Although no 
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Figure 10.1. Uranus was the first planet to be discovered in historic 
times. As shown in this Hubble Space Telescope image, Uranus lies 
“on its side” with the spin axis inclined about 82° to the ecliptic 
plane. Haze, cloud patterns, and the tracks of faint rings and small 
satellites form a bull’s eye pattern around the south pole of the 
planet. Eight of Uranus’ small moons are shown here (NASA Hubble 
PIA01278). 


definitive answer has been offered to explain this orienta- 
tion, it is commonly thought that an enormous impact 
might have knocked Uranus on its side. At visible wave- 
lengths, both Uranus and Neptune appear rather bland, 
with only hints of any structure in the upper atmosphere. 
Uranus is the coldest major planet in the Solar System, 
generating far less heat from the interior than Neptune. In 
natural color, Uranus’ south polar region appears 
brownish-orange, while Neptune has an overall bluish 
cast. In the infrared, however, features such as small 
clouds, bands, and other structures are revealed. For 
example, Hubble Space Telescope views of both planets 
show more detail of these features than indicated in 
Voyager images. While atmospheric features of both plan- 
ets are much more subdued than those of Jupiter and 
Saturn, Neptune shows much more activity than Uranus, 
perhaps driven by the greater amount of heat released 
from its deep interior. For example, Voyager images 
show a feature resembling Jupiter’s Great Red Spot, lead- 
ing to its name, the Great Dark Spot (Fig. 10.2), which 
probably is driven by thermal up-welling in the atmos- 
phere. Tracking of other cloud features in sequential 
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Figure 10.2. Neptune’s Great Dark Spot is shown in this Voyager 2 
image, along with several other features in the upper atmosphere 
(NASA Voyager 2 PIA02219). 


Voyager images indicated wind speeds up to 580 m/s in 
Neptune’s atmosphere. 

Earth-based and spacecraft data show that all of the 
giant planets possess ring systems. Uranus’ rings, first 
discovered from telescopic observations in 1977, are 
now seen to include at least 13 sets, some of which are 
broad and diffuse, others of which are narrow and have 
sharp boundaries. Particles in the rings range in size from 
microns to meters in diameter and are very dark, similar to 
soot. Uranus’ rings could represent one or more moons 
that were smashed apart by collisions. Neptune has at least 
six ring systems, all of which are very faint and are named 
after individuals who contributed to Neptune science in 
the 1800s. The outermost main ring, named Adams Ring, 
consists of five arc-segments, which are thought to be held 
in place by Galetea, a small moon. 


10.3 Uranian moons 


Uranus has at least 27 moons, but those of geologic 
interest are (from Uranus outward) Miranda, Ariel, 
Umbria, Titania, and Oberon (Fig. 10.3), named after 
characters from Shakespeare’s 4 Midsummer Night’ 
Dream and The Tempest and Pope’s The Rape of the 
Lock. All of the moons are in synchronous rotation, 
and their densities of 1.5 to 1.7 g/cm” are higher than 
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those of Saturn’s satellites, suggesting a higher propor- 
tion of rocky material. Although surface compositions 
are predominantly water and carbon dioxide ices 
(Grundy et al., 2006), their rather low albedos suggest 
the presence of some dark material. On the other hand, 
methane-ice exposed to photons from the Sun releases 
hydrogen and leaves a higher proportion of carbon with 
time, as reported by Cruikshank ef al. (1983) from labo- 
ratory experiments. 

All of the satellites show impact scars, evidence of 
tectonic deformation, suggestions of resurfacing, and 
forms of gradation. There appears to be a relationship 
between the degree of geologic activity and the satellite 
position in orbit around Uranus, with those closest to the 
planet having been modified by extensive deformation, 
while the outer moons preserve more of the record of 
heavy cratering. 





The orientation of the Uranus spin axis with respect to 
its orbit around the Sun means that the orbits of the major 
satellites result in extreme seasonal cycles in which each 
pole alternates in being in complete darkness for about 
42 years and is then in complete sunlight for the next 
42 years. Thus, volatiles in the north pole in its summer 
would migrate to the south pole’s extreme darkness, and 
then the cycle would reverse 1n the next 42 years. 

Miranda. Although this innermost moon is the 








smallest of Uranus’ major satellites, it displays the 
most complex geology (Fig. 10.4). Miranda’s surface 
is composed mostly of water-ice. Its geology includes 
both old, heavily cratered terrain and younger complex 
terrains marked by ridges and grooves, huge scarps, 
ovoid “racetrack” patterns (coronae), and banded 
zones, all reflecting intense tectonic deformation 
(Fig. 10.5). Many ideas have been proposed to explain 
Miranda’s surface features, including disruption by dia- 
pirs, crustal extension, and one or more huge impacts. 
The grabens and other faults (Fig. 10.6) are thought to 
represent exterior features related to tidal heating gen- 
erated from inferred orbital eccentricities and early 
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Figure 10.3. A composite view of the large moons 
of Uranus. Miranda, the innermost of the large 
Fi moons, shows the most complex geology, while 
the outermost moon, Oberon, preserves the early 
bombardment history in the outer Solar System 
(NASA Voyager PIA01975). 
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Figure 10.4. Although Miranda is only 474 km in diameter, parts of 
its surface display grabens reflecting extensive tectonic deformation; 
other parts of the surface are heavily cratered and are relatively 
unmodified by internal processes (NASA Voyager 2 PIA01490). 


interactions with the moon Ariel. Such heating might 
have led to diapirs, which could account for Miranda’s 
unusual tectonics. Internal heating also could have gen- 
erated cryovolcanic resurfacing to form the younger, 
smooth plains seen in some parts of the satellite. 

Ariel is in synchronous rotation with Uranus and 1s 
immersed in its magnetosphere, which could account for 
the darkening on the trailing hemisphere, much like for 
Jupiter’s moon Europa. Sputtering of ice by 1ons and 
possible implantation of non-ice materials has led to dark- 
ening of the surface in comparison with the leading 
(lighter) hemisphere. As with Miranda, Ariel’s surface 
displays ancient heavily cratered terrain and evidence of 
tectonic deformation (Fig. 10.7), although not nearly as 
extensive as that on Miranda. Ariel’s density suggests that 
itis composed of about half water and half rocky material; 
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Figure 10.5. Part of the feature informally called the “chevron” (left 
side) and sets of ridges and grooves that cut across older cratered 
terrain; the area shown is 220 km across (NASA Voyager 2 PIA00038). 





Figure 10.6. Miranda’s surface has been cut by faults, some of which 
form scarps as high as 5 km, as seen in this limb view (NASA Voyager 2 
PIA00140). 


it is thought to be a differentiated object. Assessments of 
the crater size—frequency distributions show an absence 
of large craters, leading to speculation that Ariel might 
have experienced one or more episodes of extensive 
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Figure 10.7. A mosaic of four Voyager 2 images showing the 

1,159 km in diameter Ariel; as with Miranda, this moon shows 
evidence of crustal deformation in the form of grabens, faults, and 
smooth areas that might have been resurfaced by cryovolcanism; the 
prominent graben toward the bottom of the mosaic is named 
Korrigan Chasma (NASA Voyager 2 PIA01534). 


resurfacing early in its history. As with Miranda, internal 
heating might have been generated by tidal interactions 
with other objects resulting from its orbital geometry. 
Some smooth plains visible today show that resurfacing 
has occurred more recently, which would reflect internal 
heating. Fractures and narrow, straight valleys, which are 
likely to be grabens, indicate extensional tectonism. 
Umbriel is a heavily cratered object and 1s the darkest 
of the large moons of Uranus (Fig. 10.8). Its relatively 
high density suggests a water-ice composition plus about 
40% non-ice components, such as rock and carbonaceous 
materials. Locked in synchronous rotation, Umbriel is 
completely immersed in the magnetosphere generated by 
Uranus, leading to intense bombardment on its trailing 
hemisphere, as for Ariel. In addition to water-ice, remote 
sensing data indicate the presence of carbon dioxide on 
the surface, mostly on the trailing hemisphere. Voyager 2 
images are of rather low resolution and cover about 40% 
of the surface. There are hints of structures such as scarps, 
grabens, and hexagon-shaped features, but the image 
resolution is inadequate for confirmation. Craters are 
common and range in size up to the 208 km crater 





Figure 10.8. The 1,170 km in diameter Umbriel is very dark, 
suggesting the presence of non-ice materials on the surface. 
Although it is heavily cratered, the relative absence of bright ejecta 
rays suggests some process of surface darkening. The prominent 
crater toward the top of the image on the terminator has a bright 
central peak; the bright ring near the equator also could be the 
remnant of an impact (NASA Voyager 2 PIA00040). 


Wokolo in the southern hemisphere. Many of the craters 
have central peaks, some of which are rather bright, which 
could indicate exposures of fresh ice. The most prominent 
feature is a bright ring within crater Wunda, which is 
131 km in diameter. 

Titania is the largest of the uranian satellites (Fig. 10.9). 
It is thought to be differentiated, and its high density 
(1.71 g/cm’) suggests about equal amounts of water-ice/ 
water and rocky material; Titania might even have liquid 
water at the interface with the rocky interior 1f ammonia or 
salts are present to lower the melting temperature of the ice. 
As with the other uranian moons, Titania 1s in synchronous 
rotation and its trailing hemisphere is influenced by the 
plasma of the magnetosphere, causing preferential darken- 
ing. The surface shows abundant impact craters as large as 
326km (crater Gertrude), many of which have central 
peaks. Some of the impact craters are relatively shallow, 
which is thought to result from relaxation of the Ice. 
Relatively smooth plains are present, reflecting one or 
more episodes of resurfacing (possibly from cryovolcan- 
ism). Tectonism is represented by huge canyon systems, 
including Messina Chasma, which is nearly 1,500 km long. 
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Figure 10.9. A composite of two Voyager images for Titania, the 
largest moon of Uranus at 1,578 km in diameter, showing abundant 
impact craters and tectonic deformation of the ice-rich crust (NASA 
Voyager PIA00039). 


The chasmata and the smaller grabens indicate tectonic 
extension and are the youngest features seen on the 40% 
of the surface imaged by Voyager 2. 

Oberon is the second largest moon of Uranus and is the 
most heavily cratered (Fig. 10.10). Like Titania, it is 
thought to be composed of nearly equal amounts of 
water-ice and rocky materials and might also have liquid 
water at the interface with the rocky interior. It, too, is in 
synchronous rotation with Uranus, but it is not completely 
immersed in the magnetosphere. Thus, unlike Titania, 
Oberon’s trailing hemisphere is not darkened but instead 
is slighter brighter. Moreover, the leading hemisphere 
surface tends to be somewhat red, which is probably due 
to implantation of material derived from uranian irregular 
(1.e., captured) satellites, as suggested by Bonnie Buratti 
of the Jet Propulsion Laboratory and Joel Mosher (Buratti 
and Mosher, 1991). Crater Hamlet is the largest confirmed 
impact seen in Voyager images at 206km in diameter. 
However, NASA scientist Jeff Moore and colleagues 
(Moore et al., 2004) have suggested that a topographic 
feature seen on Oberon’s limb could be the central peak of 
an even larger impact structure. Many of the numerous 
impact craters have bright rays of fresh ice and the floors 





Figure 10.10. A Voyager image of Oberon, Uranus’ second largest 
moon, with a diameter of 1,522 km; the dark feature at the center 
of the image is the floor of Hamlet, an impact crater 206 km in 
diameter that exhibits bright ejecta rays (NASA Voyager 
PIA00034). 


of some craters are dark, which could represent penetra- 
tion into a dark substrate. In addition to craters, Oberon’s 
surface is marked by chasmata and scarps that reflect 
crustal extension. The largest feature seen is Mommur 
Chasma, which is 537 km long and 1s found in the equa- 
torial region. 


10.4 Neptunian moons 


Neptune has 13 known satellites, six of which were dis- 
covered in Voyager data and three of which were discov- 
ered more recently from ground-based telescopic 
observations. The largest, Titan, is in the same size class 
as Earth’s Moon and 1s in aretrograde orbit. Outward from 
Titan, six of the moons are irregular satellites with highly 
inclined orbits and are thought to be captured objects. 
Inward from Titan, the other six moons are in prograde 
orbits and might have formed directly in association with 
Neptune. Many of these latter moons are within the ring- 
arcs and might be responsible for contributing material to 
the rings. 

Triton has a density of 2.1 g/cm”, the highest of all the 
outer planet satellites, suggesting that it is about one-third 
ice and two-thirds rocky material. Most planetologists 
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Figure 10.11. A mosaic of Voyager images for Triton, Neptune’s 
largest moon. The so-called cantaloupe terrain of Monad 
Regio is on the top half of the image, while the smooth 

plains of Uhlanga Regio are on the bottom (NASA Voyager 
PIA00317). 


consider Triton to be an object gravitationally captured 
by Neptune. Since Triton is a retrograde satellite, its orbit 
is slowly decaying, or being pulled inward, toward 
Neptune. No doubt, in the process of its capture, Triton 
would have experienced enormous tidal stresses, leading 
to internal heating and likely differentiation. Given its 
overall density, it is thought to have a rocky core sur- 
rounded by a water mantle, parts of which could be liquid, 
and a surface crust of ices composed of methane and 
nitrogen, plus frosts of water. 

Voyager images reveal a fascinating set of terrains on 
Triton, the most prominent being an older rugged unit, 
informally called cantaloupe terrain due to its fanciful 
resemblance to a melon skin (Fig. 10.11), and younger 
plains that are relatively smooth. The cantaloupe terrain 
includes irregular pits and bumps that could reflect extru- 
sion and deformation of ice onto the surface. Linear 
features include ridges and grooves (Fig. 10.12) reflecting 
deformation of the crust and possibly additional extrusion 
of ice onto the surface. This terrain is pock-marked 
by impact craters, most of which are found on the leading 
hemisphere of Triton and have about the same size— 
frequency distribution as that of lunar maria. The lack of 
larger impact craters and the absence of heavily cratered 
units suggest that even the oldest terrain on Triton is geo- 
logically young. 

Smooth plains cut across the rugged cantaloupe ter- 
rain and nearly lack impact craters, indicating youth. 
Many of the smooth plains have irregular-shaped 
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Figure 10.12. Detail of the boundary between the “cantaloupe” 
terrain, characterized by ridges, grooves, and irregular domes, and the 
smooth plain with its mottled surface (NASA Voyager JPL P-34694). 





Figure 10.13. Large caldera-like depressions are found in Triton’s 
smooth plains and are considered to be sites of cryovolcanic 
eruptions of liquids from the subsurface; area shown here is about 
290 km across (NASA Voyager JPL-34692). 


depressions resembling volcanic calderas (Fig. 10.13), 
and many are considered to be sites where liquid water, 
nitrogen, and methane erupted from the subsurface to 
form local lakes. 


Figure 10.14. The dark wind streaks seen in the smooth plains 

are deposits left by explosively erupting plumes of material 
caught by upper-altitude winds and carried downwind toward the 
lower left; these streaks are as long as 100 km (NASA Voyager 
PIA34714). 


Triton is the fifth object in the Solar System known 
to have active eruptions; several active geysers were 
seen during the Voyager flyby. The geysers spewed 
material as high as 8km above the surface, where it 
was caught by upper-altitude winds and carried down- 
wind some 100km, leaving dark deposits on the 
surface (Fig. 10.14). Analysis of images revealed 
many more such dark surface streaks, suggesting that 
the eruptions are common. Although many ideas have 
been proposed to explain the process of geyser activity, 
the current concept 1s that they are a type of solid state 
“oreenhouse,” which is similar to the explanation for the 
“spider” terrain on Mars (in fact, the idea was first 
proposed for Titan and then modified for application 
to Mars). Nitrogen-ice, a common component on 
Triton’s surface, is transparent in its pure form. Thus, 
solar energy penetrates through the nitrogen-ice and is 
trapped. Only a 4K rise in temperature is needed to 
volatilize the nitrogen-ice at its base, and the resulting 
build-up of gas pressure can reach sufficient levels to 
rupture the overlying ice to release the gas explosively. 
The dark material could be silicates or carbonaceous 
material carried upward from deposits along the inter- 
face of the ice and the substrate. 





Figure 10.15. An image of Proteus, the 416 km in diameter moon of 
Neptune, showing an impact scar named Pharos that is about 230 km 
across (NASA Voyager PIA00062). 


Although Triton’s tenuous atmosphere is extremely thin 
(exerting a surface pressure of less than 0.01 mbar), it is 
sufficient to generate winds. Analysis of Titan’s cloud 
patterns and the dark plumes left by the geysers suggest 
that the prevailing winds at 1—3 km above the surface are 
toward the east, while higher-altitude (~8 km) winds are 
toward the west. 

Proteus, Neptune’s second largest moon at about 
416km in diameter, was discovered in Voyager images 
(Fig. 10.15) and is one of the darkest objects seen in the 
Solar System. It resides just outside Neptune’s ring system 
and orbits very rapidly, taking only 1.1 Earth days to make 
one complete orbit. Despite its relatively large size, the 
overall shape of Proteus is irregular and the surface is 
rugged with topographic relief of 20km. Geophysical 
models suggest that it 1s about the largest satellite that 
can retain an irregular shape without collapsing gravita- 
tionally into a sphere. Crater-like features are seen, includ- 
ing one structure more than 200 km across. 

Nereid is the third largest satellite of the Neptune 
system and has a diameter of about 340 km. It, too, was 
imaged by Voyager but not in resolution sufficient to 
characterize its surface. Nereid is in a highly inclined 
orbit and takes 359 days for one complete orbit around 
Neptune. 
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10.5 Summary 


The giant planets Uranus and Neptune have extensive 
atmospheres surrounding liquid and frozen water, along 
with ammonia, methane, and other volatiles, all surround- 
ing large rocky cores. Both planets have ring systems and 
myriad satellites. Unlike the giant planets Jupiter and 
Saturn and their systems of moons and rings that have 
been explored by orbiters (Galileo and Cassini, respec- 
tively), spacecraft data for the Uranus and Neptune 
systems come only from the brief flybys of the Voyager 
spacecraft. Thus, our knowledge of this part of the Solar 
System 1s much more limited. 

Of the five large moons of Uranus, Miranda, Umbriel, 
Titania, and Oberon are in synchronous rotation and appear 
to be influenced by tidal heating through their interactions 
with each other and with Uranus. The innermost moons, 
such as Miranda, show evidence of the greatest amount of 
internal heating, while the outermost, Oberon, preserves the 
greatest amount of impact cratering. All but Oberon display 
darker trailing hemispheres in comparison with the leading 
hemispheres. This is attributed to their immersion in the 
Uranus magnetosphere, in which radiation and implanta- 
tion of ions occur preferentially on the trailing hemispheres 
because the speeds of the satellite orbits are less than the 
speeds within the magnetosphere. 

About half of Neptune’s known moons are in retrograde 
orbits, suggesting that they are captured objects. The 
largest of these, Triton, is about the size of Earth’s Moon 
and exhibits active geysers, thought to be driven by a 
“osreenhouse” effect in which solar energy penetrates ice 
on the surface and heats volatiles; pressure of the 
expanded gasses eventually exceeds the strength of the 
ice, venting explosively to the surface, along with 
entrained dark (carbonaceous) material. Above the sur- 
face the geyser plumes are caught by winds in Triton’s 
tenuous atmosphere and are carried down wind, leaving 
dark streak deposits on the surface. Cryovolcanism 1s 
suggested on Triton, as evidenced by caldera-like depres- 
sions with smooth floors. 

Many planetary scientists consider Triton to be an ana- 
log for what will be seen when New Horizons reaches 
Pluto and returns images of this dwarf planet and its large 
moon, Charon. All three objects occupy the same general 
zone in the Solar System (in fact, Pluto’s orbit carries it 
inside the orbit of Neptune at times), and all three have 
similar densities and surface spectral properties. 
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Assignments 


1. Compare and constrast geysers on Enceladus with 
those on Triton. 


2. Compile a table for the chasmata on Titania, Oberon, 
and Ariel. Note chasmata sizes, geographic locations 
(trailing hemisphere, polar region, equatorial region, 
etc.), and potential cross-cutting relations with other 
features such as fractures. 


3. Go on the web and summarize a recent 
scientific paper that describes the darkening 


Assignments 


of ices in the environments of the outer planet 
satellites. 


. Compare and contrast the surface features on 


Miranda and Triton and identify the geologic pro- 
cesses responsible for the formation of the features 
observed. 


. Compare and contrast the large moons of Jupiter and 


Uranus with regard to the degree of internal activity 
and their orbital distance from their parent planet. 
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CHAPTER 11 


Planetary geoscience future 


11.1 Introduction 


Planetary geosciences are advanced primarily through 
new data and are stimulated by physical and computa- 
tional modeling, theoretical studies, and field studies of 
terrestrial analogs in support of planetary data analysis. As 
shown in Fig. 1.11, missions are currently in flight for 
Mercury, Venus, the Moon, Mars, Jupiter, Saturn, and 
Pluto, as well as for a host of asteroids and comets. 
Particularly noteworthy is the New Horizons mission, 
which will give us our first close-up views of Pluto in 
2015. Spacecraft for these missions carry sophisticated 
scientific payloads, including imaging systems that will 
provide additional coverage, higher resolution, or first 
ever views of planetary objects of geoscience interest. 

Most planetary missions are flown by NASA, some in 
partnership with the European Space Agency, which 
also flies planetary missions independently of NASA. 
In addition, the space agencies of Japan, India, and 
China are becoming increasingly important, especially in 
lunar exploration and the eventual return of humans to the 
Moon. (After a hiatus of many years, in 2012 Russia 
attempted to resume planetary exploration with a mission 
to one of the moons of Mars, Phobos, but that mission 
failed shortly after launch.) Although NASA had planned 
lunar exploration by humans early in the twenty-first 
century, such plans have been deferred because of the 
economic climate. In its place, considerations are being 
given to sending humans to one or more asteroids because 
of the lower costs (it is easier to return to Earth from these 
low-gravity bodies), the high scientific potential of aste- 
roids, and the need to assess asteroids as hazards to Earth. 

Much of the motivation for planetary exploration is the 
search for life beyond the Earth. This involves searching 
for signs of past or present life and characterizing environ- 
ments conducive to life as we know it. Such exploration 
raises the issue of “planetary protection.” 








11.2 Planetary protection 


Concern over contamination of planetary objects began 
with deep space exploration in the early 1960s and is 
termed planetary protection. Planetary contamination 
includes both forward contamination, in which terres- 
trial organisms from Earth might be carried to other 
objects by spacecraft, and backward contamination, in 
which potential non-Earthly organisms are brought to 
Earth. International protocols through the United 
Nations were established for both conditions and most 
space-faring nations and agencies have agreed to follow 
the procedures given in the protocols. Through interna- 
tional agreements for planetary protection, five categories 
of missions are defined. 


Category | (lowest level) missions include those to the 
Sun, Mercury or other objects that are not of direct 
interest for prebiotic chemistry or the origin and 
evolution of life. 

Category II missions include those to objects such 
as the Moon, Venus, Jupiter or other targets that are 
of interest for prebiotic chemistry and the origin and 
evolution of life but for which there is an 
insignificant probability of contamination by 
Earth life. 

Category III missions are flybys or orbiters to 
objects such as Mars and Europa that could be hosts 
for life and for which there is a possibility of 
contamination by Earth life. 

Category IV missions are landers or probes to 
objects such as Mars and Europa that could be hosts 
for life and for which there is a possibility of 
contamination by Earth life. 

Category V (highest level) missions are sample 
returns to Earth from locations that have the 
potential to support life. 
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To avoid forward contamination, spacecraft and space- 
craft components, including the scientific instruments, 
must be sterilized to certain levels. Sterilization can be 
achieved by methods that include heating to specified 
temperatures for minimum times or exposure to radiation. 
After sterilization, the surfaces are swabbed, the swabs are 
placed in media to encourage growth of potential cultures, 
and each swab is analyzed. It is nearly impossible to reach 
100% sterilization and thus maximum allowable levels are 
defined by mission category in the protocol before the 
spacecraft and components are certified for flight. If 
there is a failure to achieve the acceptable levels, the 
process 1s repeated until the acceptable levels are reached. 
As you might imagine, the process for sterilization and 
certification for flight is expensive and adds significantly 
to the cost of a mission. 

Another consequence of sterilization is the impact on 
sensitive components, such as scientific instruments, 
many of which cannot survive heating or exposure to 
radiation. In these cases, components must be housed in 
“vaults” that would contain any Earthly organisms, even 
in the event of a catastrophic failure such as an explosion. 
Again, such an approach increases the cost and the com- 
plexity of planetary missions. 

One could ask, why go through this at all? From a 
scientific perspective, recall that one of the primary moti- 
vations for planetary exploration is the search for life 
beyond Earth. If forward contamination were to occur, 
the problem would be that we might “find ourselves” on 
some future mission, thus calling into question forever the 
existence of extraterrestrial life on the contaminated 
planet. Moreover, should life already be present on the 
planet, there is the possibility that forward contamination 
could cause irreparable harm through introduced diseases, 
mutations, or even extinction. 

Backward contamination is the stuff of countless science 
fiction stories but is also of great concern in planetary 
exploration. For example, in the early Apollo program, the 
astronauts and the lunar samples returned from the Moon 
were placed in quarantine to determine whether any lunar 
organisms had caught a ride back to Earth. Cultures were 
grown and other tests were carried out, all with negative 
results, and follow-on Apollo missions abandoned the pro- 
cedure. Subsequent studies have shown that the quarantine 
procedures during Apollo were rather flawed and had a 
great many “leaky” paths that could have led to problems 
if any lunar organisms had been brought to Earth. 
Interestingly, pieces of the unmanned Surveyor 3 spacecraft 
(Fig. 4.6) were returned to Earth by the Apollo 12 astronauts 


11.3. Missions in flight and anticipated 


and were found to contain bacteria that presumably had 
been carried to the Moon by forward contamination. This 
meant that the organisms had survived in the harsh lunar 
environment for some 31 months, although some investi- 
gators suggested that the bacteria were from Earthly con- 
tamination after return from the Moon. 

In more recent times, extraterrestrial samples have been 
returned to Earth from deep space, including those of the 
Stardust and Hayabusa missions. These have all been 
placed in laboratories under controlled conditions and 
analyzed. Currently, plans are being formulated by 
NASA and the ESA for a facility to receive the anticipated 
samples to be returned from Mars. 





11.3 Missions in flight and anticipated 
for launch 


The previous chapters on planetary systems outline the 
current missions that are in flight. For example, missions 
at the Moon (Chapter 4) include the Lunar Reconnaissance 
Orbiter (LRO). This mission was designed primarily to 
collect data to support future robotic and human exploration 
activities. After completion of these goals in 2010, the LRO 
continued operations to meet a host of scientific objectives, 
many of which are directly contributing to lunar geology. 
Similarly, the ARTEMIS mission was originally launched to 
collect data on lunar solar interactions. In 2011, the space- 
craft was reposititioned to collect geophysical information 
for the Moon to complement the Discovery-class GRAIL 
mission, led by MIT PI Maria Zuber, which was launched 1n 
2011. GRAIL consists of two orbiters collecting detailed 
information on the nature of the lunar interior. These mis- 
sions were followed by LADEE (Lunar Atmosphere and 
Dust Environment Explorer) in 2012, which was designed 
to collect data on the mysterious “glow” that has been seen 
for decades near the lunar surface and is possibly caused by 
light scattering from a nebulous atmosphere and dust raised 
by electrostatic processes. China’s launch of Chang’e 2 in 
2010 enabled acquisition of high-resolution images of the 
Moon in support of future missions. China’s plans call for 
the launch of a lunar rover, possibly in 2012, to be followed 
by a second rover with the return of lunar samples to Earth 
in about 2017. 

MESSENGER was placed into orbit around Mercury in 
2010 and will complete its prime mission in 2012. Data 
from this Discovery-class mission are revolutionizing 
our understanding of this innermost planet of the Solar 
System, as discussed in Chapter 5. If all goes well, 
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the mission is likely to be extended as long as the space- 
craft and instruments are healthy and new data can be 
obtained by the project. Study of Mercury will continue 
with the launch of BepiColombo in 2014. This joint ESA— 
JAXA mission will place two spacecraft in orbit around 
Mercury in 2020 to obtain more information on the geol- 
ogy, interior, magnetosphere, and tenuous atmosphere. 
As the most Earth-like planet in our Solar System and 
because it is a close neighbor, Mars is a focus in planetary 
exploration (Chapter 7). NASA’s 
Laboratory (MSL), launched in 2011, carries a rover 
named Curiosity (Fig. 11.1), which 1s the size of a small 
car, with a scientific payload designed to advance astro- 
biology exploration (Grotzinger, 2009). The primary 
objective is to assess the biological potential of a key 


Mars Science 


target site to determine the nature of organic compounds 
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and the chemical building blocks of life in the search for 
signs of past and present life (Grotzinger, 2009). In addi- 
tion, the general geology of the site is being studied, 
including the rock record, to assess long-term atmospheric 
evolution and cycling of water and carbon dioxide 
between the surface and the atmosphere. The rover 1s 
powered by a radioisotope thermoelectric generator and 
will operate for at least one Mars year (686 Earth days). 
The landing site for the MSZ is on the floor of Gale crater 
(Fig. 11.2) in the equatorial region of Mars. The crater 1s 
about 154 km in diameter and has a huge central peak that 
shows layering suggestive of repeated episodes of sedi- 
mentary deposition. 

As part of NASA’s Discovery Program, the Mars 
Atmosphere and Volatile Evolution Mission (MAVEN), 
led by PI Bruce Jakosky, will be launched in 2013 to be 


Figure 11.1. A family portrait of NASA's Mars 
rovers, showing progression in size from the Mars 
Pathfinder rover, Sojourner (center), that 
operated on Mars in 1997, to the Mars Exploration 
Rovers (left side), two of which began operations 
in 2004, to the car-size Mars Science Laboratory 
(right) (NASA-Jet Propulsion Laboratory). 


Figure 11.2. Gale impact crater in Mars’ equatorial region is 
the landing site for the Mars Science Laboratory. The area of 
operations is shown by the ellipse in this THEMIS image. Gale 
crater is about 154km in diameter and displays complex 
sedimentary deposits on its floor, some of which appear to 
have been emplaced by fluvial channels cut into the crater 
rim. (NASA PIA14290). 


placed in Mars orbit in the fall of 2014. The mission will 
focus on Mars’ upper atmosphere and interactions with 
the Sun to determine the loss of volatiles such as carbon 
dioxide and water. The results will provide unprece- 
dented insight into the history of the atmosphere and 
climate, especially as related to the planet’s habitability. 
The scientific payload includes instruments to chara- 
cterize the solar wind, Mars’ ionosphere, and the atmos- 
pheric composition. The MAVEN spacecraft is scheduled 
to operate for one Earth year, or about one-half of a 
Mars year. 

The more distant future of Mars exploration is less 
certain. NASA and the ESA have recently been studying 
projects leading to the eventual return of samples from 
Mars to Earth. The return of martian samples from a site of 
known geologic context has been a high priority in plan- 
etary exploration for many decades. But such a mission 1s 
not so easy, and will not be accomplished in a single step. 
Rather, the first step would be to send a large rover, 
launched possibly in 2018. In addition to conducting 
in situ experiments focused on astrobiology and geology, 
this mission would “cache” (store) samples for return to 
Earth in the 2020s using a system yet to be designed. 
Current plans involve lift-off of the samples from Mars, 
with a small capsule being placed in orbit around Mars. 
This would later be captured by a separate spacecraft for 
return to Earth. 

Exploration of the outer Solar System continues, but not 
at the same pace as for Mars and the inner Solar System. 
Currently in flight are Cassini (Chapter 9), scheduled to 
continue orbiting Saturn until September 2017, New 
Horizons, which will execute a flyby of Pluto in 2015, and 
Juno, which was launched in 2011 and is scheduled to begin 
orbiting Jupiter in 2016 (Fig. 11.3). During Juno’s one-year 
mission, it will complete 33 orbits and then de-orbit to 
plunge into Jupiter’s dense atmosphere, ending the mission. 
Juno’s scientific objectives are to determine the amount 
of water in the atmosphere, measure the composition, tem- 
perature, and cloud motions in the atmosphere, and gain 
insight into Jupiter’s magnetosphere and gravity fields. 
Collectively, the anticipated data will enable new perspec- 
tives on the origin and evolution of the giant planets. While 
not providing direct data on the geology of the satellites, the 
new data will be relevant to the overall evolution of the outer 
planets and their satellites. 

Comets and asteroids are important objects for under- 
standing the origin and evolution of the Solar System. 
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Figure 11.3. An artist's rendition of the Juno spacecraft in operation 
around Jupiter in 2016. 


Many of the missions to these objects described in 
Chapter 1 continue to return new data, including infor- 
mation relevant to planetary geology. For example, Dawn 
returned close-up images of asteroid Vesta (Fig. 11.4) and 
will be programmed to leave this object to reach asteroid 
Ceres in 2015. In addition to these missions, the ESA’s 
Rosetta spacecraft was launched 1n 2004 and is scheduled 
to rendezvous with Comet 67P/Churyumov-Gerasimenko 
in 2014 to begin a detailed analysis of this 4 km object. 
The spacecraft will orbit the comet as it approaches the 
Sun to collect data on processes 1n and on the icy nucleus 
as itis warmed by the Sun. A small lander will be released 
from the orbiter to make in situ measurements of the 
comet’s composition and physical properties, as well as 
to image its surface. 

In 2016, the OSIRIS-REx (Origins—Spectral Interpretation— 
Resource Identification—Security—Regolith Explorer) space- 
craft will be launched to reach the near-Earth asteroid 
1999RQ36 in 2020. In this mission, led by planetary scientist 
Dante Lauretta, after six months of intensive study and surface 
mapping, the spacecraft will approach a site on the asteroid 
selected by the science team and extend a robotic arm to collect 
a small sample. The samples will be returned to Earth in 2023 
and will enable comparisons of asteroid materials with com- 
etary material that was collected from Comet Wild 2 and 
returned to Earth by the Stardust spacecraft. 
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Figure 11.4. This image of asteroid Vesta was taken by the Dawn 
spacecraft in 2011 shortly after orbiting the asteroid. Vesta is about 
530 km in diameter and displays a complex geologic history; 
differences in albedo among the impact crater ejecta deposits 
suggest a heterogeneous composition (NASA PIA14317). 


11.4 Extended missions 





When spacecraft projects are approved, they have specific 
scientific goals and objectives for the primary mission, 
which defines the period of operation. Typically, as long 
as the spacecraft and all or most of the payload 1s 
functioning, additional funds can be requested for an 
extended mission to continue operations. Often, more 
than one extension can be obtained, so long as there is 
scientific justification. Part of the rationale is that most of 
the costs of spaceflights are for building the spacecraft 
with its payload and for the launch rocket; the cost for 
an extended mission is only a small fraction of these 
initial expenses. Nonetheless, with numerous missions 
in flight, the total cost for extensions can be significant, 
with the sum often totaling that for a completely new 
mission. Consequently, NASA has established a policy 
in which all requests for extended missions are evaluated 
together by a panel of senior scientists to determine the 
priorities of the requests and to assess the cost-benefit 
ratios. Thus, what once had been fairly routine 
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extensions are now evaluated in light of the overall pro- 
gram of Solar System exploration. 


11.5 Summary 





As outlined in Chapter 1, NASA generally follows the 
recommendations of the National Research Council 
(NRC, 2011) for establishing the priorities in developing 
and flying missions. These recommendations place a 
high value on the scientist-led missions such as those 
proposed through the Discovery and New Frontiers pro- 
grams. For example, Discovery missions currently 
inflight or soon to be launched include GRAIL to the 
Moon, Dawn to the asteroid Vesta, and MAVEN to 
Mars. The lower-cost Discovery missions are flown 
every 24-36 months and are completely open as to 
destination through competition. In contrast, the higher- 
cost New Frontiers missions are flown less frequently 
and are subject to the priorities identified by the NRC. 
For the decade 2013-2023, priority missions for the New 
Frontiers program include sample return from a comet, 
sample return from the South Pole—Aiken basin on the 
Moon, a Saturn atmospheric probe, a Venus lander, an Io 
observer, or a lunar network. However, only one or two 
missions are likely to be selected from this set for flight, 
by competition among proposals. 

The rate and complexity of missions are very much a 
function of their costs and the availability of funds. 
When the “politics” of space is also considered, the 
result is a great deal of uncertainty regarding which 
missions might be sent for future exploration. For exam- 
ple, the large-cost, or “flagship,” missions of NASA 
have Mars sample return to Earth as the highest priority, 
followed by a mission to explore Jupiter’s moon Europa. 
However, with the poor state of the economy, it 1s not 
clear when these missions might be approved and even- 
tually flown. 

Despite these uncertainties, there is an incredible wealth 
of data already returned from missions recently flown or 
anticipated from spacecraft that are in flight. These data 
are waiting to be “mined” for their scientific treasures by 
current and future planetary scientists, and it is likely that 
geosciences will continue to be a hallmark in understand- 
ing our Solar System. 
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Assignments 


1. Since the inception of the Space Age, there has been requirements for such a sample with respect to the 


debate on the role of humans in the exploration of the 
Solar System. Outline the pros and cons of robotic 
versus human exploration. Visit various websites deal- 
ing with this topic for background. 


. Sample return to Earth from Mars is a high priority. 





From your perspective, what type of sample should be 


of highest priority for science? Explain the 


type of site that should be selected on Mars to meet 
your priorities. 


. In times of limited resources, there is debate regarding 


whether funds should be devoted to flying new mis- 
sions or to analyzing data already returned to Earth. 
Discuss which you would favor, giving the justifica- 
tions for your answer. 


APPENDICES 


Appendix 1.1 Some key websites for 
planetary science 


Website name 


European Space Agency 
http://www.esa.int/ 


Exploring the Planets 
http://www.nasm.si.edu/research/ceps/etp/ 


GRIN 
http://grin.hg.nasa.gov/ 

JMARS 
http://jmars.asu.edu 

JPL NASA Solar System 
http://www.jpl.nasa.gov/solar_system/ 

Lunar and Planetary Science Institute 
http://www.|pi.usra.edu 

Mars Society 
http://www.marssociety.org/ 

NASA 
http://www.nasa.gov/ 


NASA Astrobiology Institute 
http://nai.nasa.gov 


NASA-JPL Solar System Simulator 
http://space.jpl.nasa.gov/ 


NASA Remote Sensing Tutorial 
http://rst.gsfc.nasa.gov/ 


NASA's Solar System Exploration 


http://solarsystem.nasa.gov/planets/profile. 


cfm?Object=SolarSys 
National Space Society 
http://www.nss.org/ 


NSPIRES 
http://nspires.nasaprs.com/external/ 


NSSDC Photo Gallery 
http://nssdc.gsfc.nasa.gov/photo_gallery/ 


Comments 


General website; look for specific missions by name 

National Air and Space Museum Solar System tour 

Great Images in NASA 

Enables rapid searches and provides analytical tools for planetary data 
JPL's Solar System Tour 

General planetary and related topics 

To further the goal of the exploration and settlement of the Red Planet 
General website; look for specific missions by name 

Astrobiology topics 

Simulates positions of entire Solar System or members at any time from 
any vantage point (including various spacecraft) 


Extensive tutorial on remote sensing 


Solar System Tour from NASA 


An independent, educational, grassroots nonprofit organization 
dedicated to the creation of a spacefaring civilization 
NASA Research Opportunities 


Most commonly requested NSSDC images 
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Website name 


NSSDC Planetary Image Catalog 
http://nssdc.gsfc.nasa.gov/imgcat/ 


Planetary Geomorphology 
http://www.psi.edu/pqwa/images/index. 
html 


Planetary Images 
http://pages.preferred.com/~tedstryk/ 


Planetary Image Atlas 
http://pds-imaging.jpl.nasa.gov/Atlas/ 


Planetary Photojournal 
http://photojournal.jpl.nasa.gov/index.html 


The Planetary Society 
http://www.planetary.org/home/ 


USGS Astrogeology Program — Browse the 

Solar System 
http://astrogeology.usgs.gov/Projects/ 
BrowseTheSolarSystem/ 


USGS Astrogeology Science Center 
http://planetarynames.wr.usgs.gov/ 


Welcome to the Planets 
http://pds.jpl.nasa.gov/planets/index.htm 


Appendix 1.2 NASA regional planetary 
image facilities 


United States locations 


Arizona State University 
Space Photography Laboratory 
School of Earth and Space Exploration 
Box 871404 

Arizona State University 
Tempe AZ 85287-1404 
Director: David Williams 

Data Manager: Daniel Ball 
Phone: 480-965-7029 

Fax: 480-965-8102 

E-mail: RPIF@asu.edu 


Brown University 

Northeast Regional Planetary Data Center 
Department of Geological Sciences 
Brown University 

Box 1846 

Providence RI 02912-1846 

Director: Peter H. Schultz 
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Comments 


The National Space Science Data Center serves as the permanent archive 
for NASA space science mission data 


Images selected for geomorphology 

Rarely seen planetary images from Soviet and US missions 
JPL image atlas arranged per mission 

Planetary Image Archive 

The world’s largest space-interest group 


USGS Solar System Tour 


Gazetteer of Planetary Nomenclature 


Planetary Data System 





Data Manager: Peter Neivert 
Phone: 401-863-3243 

Fax: 401-863-3978 

E-mail: Peter _Neivert@brown.edu 


Cornell University 

Spacecraft Planetary Imaging Facility 
Center for Radiophysics and Space Research 
317 Space Sciences Building 

Cornell University 

Ithaca NY 14853-6801 

Director: Joseph Veverka 

Data Manager: Rick Kline 

Phone: 607-255-3833 

Fax: 607-255-9002 

E-mail: kline@astro.cornell.edu 


Jet Propulsion Laboratory 
Regional Planetary Image Facility 
Mail Stop 202-100 

Jet Propulsion Laboratory 

4800 Oak Grove Drive 

Pasadena CA 91109 

Director: Timothy J. Parker 


Data Manager: Debbie Martin 
Phone: 818-354-3343 

Fax: 818-354-0740 

E-mail: jpl_rpif@jpl.nasa.gov 


Lunar and Planetary Institute 

Center for Information and Research 
Services 

Lunar and Planetary Institute 

3600 Bay Area Boulevard 

Houston TX 77058-1113 

Director: Paul Spudis 

Data Manager: Mary Ann Hager 

Phone: 281-486-2182 

Fax: 281-486-2186 

E-mail: cirs2@I]pi.usra.edu 


National Air and Space Museum 

Center for Earth and Planetary Studies 
National Air and Space Museum, MRC 315 
PO Box 37012 

Washington DC 20013-7012 

Director: Thomas Watters 

Data Manager: Rosemary Aiello 

Phone: 202-633-2480 

Fax: 202-786-2566 

E-mail: steinatr@si.edu 


US Geological Survey-Flagstaff 
Regional Planetary Image Facility 
Branch of Astrogeology 

United States Geological Survey 
2255 North Gemini Drive 
Flagstaff AZ 86001 

Director: Justin Hagerty 

Data Manager: David Portree 
Phone: 928-556-7264 

Fax: 928-556-7090 

E-mail: RPIF-flag@usgs.gov 


University of Arizona 

Space Imagery Center 

Lunar and Planetary Laboratory 
University of Arizona 

1629 E. University Boulevard 
Tucson AZ 85721-0092 
Director: Shane Byrne 

Data Manager: Maria Schuchardt 
Phone: 520-621-4861 

Fax: 520-621-4933 

E-mail: mariams@LPL.arizona.edu 
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University of Hawai’i at Manoa 

Pacific Regional Planetary Data Center 

Hawai’1 Institute of Geophysics and 
Planetology 

School of Ocean and Earth Science and 
Technology 

2525 Correa Road 

Honolulu HI 96822 

Director: B. Ray Hawke 

Data Manager: Chris A. Peterson 

Phone: 808-956-3131 

Fax: 808-956-6322 

E-mail: prpdc@higp.hawaii.edu 


International locations 


INAF/Istituto di Astrofisica Spaziale e Fisica 
Cosmica (IASF) 

Southern Europe Regional Planetary Image Facility 
C.N.R. Area ricerca di Roma Tor Vergata 

Istituto di Astrofisica Spaziale e Fisica Cosmica (IASF) 
Via del Fosso de Cavaliere, 100 

00133 Roma, Italy 

Director: Pietro Ubertini 

Data Manager: Livia Giancomin1 

Phone: 39-6-49934449 

Fax: 39-6-49934182 

E-mail: livia.giacomini@ifsi-roma.inaf.it 


Deutsches Zentrum fur Luft und Raumfahrt e.V. 
German Aerospace Center 

Institute of Planetary Research 

Regional Planetary Image Facility 

Rutherfordstr. 2 12489 Berlin, Germany 

Director: Ralf Jaumann 

Data Manager: Susanne Pieth 

Phone: 49-30-67055-333 

Fax: 49-30-67055-372 

E-mail: rpif@dlr.de 


Institute of Space and Astronautical Sciences 
Regional Planetary Image Facility 

Institute of Space and Astronautical Sciences 
Division of Planetary Science 

3-1-1 Yoshinodai 

Sagamiuhara-Shi, Kanagawa 229-8510, Japan 
Director: Akio Fujimura 

Data Manager: Satoshi Tanaka 

Phone: 81-427-59-8198 

Fax: 81-427-59-8516 

E-mail: tanaka@planeta.sci.isas.jaxa.jp 


Ben-Gurion University of the Negev 

Department of Geography and Environmental 
Development 

P.O. Box 653 

Beer-Sheva 84105, Israel 

Director: Dan Blumberg 

Data Manager: Shira Amir 

Phone: 972-8-647-7939 

Fax: 972-8-647-2821 

E-mail: blumberg@bgu.ac.il 


University College London 
Regional Planetary Image Facility 
Department of Earth Sciences 
University College London 
Gower Street 

London WCIE 6BT, UK 
Director: Jan-Peter Muller 
Data Manager: Peter Grindrod 
Phone: 44-20-7679-2134 

Fax: 44-20-7679-7614 
E-mail: p.grindrod@ucl.ac.uk 


University of New Brunswick 

Planetary and Space Science 
Centre 

Department of Geology 

University of New Brunswick 

P.O. Box 4400 

Fredericton NB, Canada E3B 5A3 

Director: John Spray 

Data Manager: Beverly Elliott 

Phone: 506-453-3560 

Fax: 506-453-5055 

E-mail: passc@unb.ca 


University of Oulu 

Nordic Regional Planetary Image 
Facility 

Department of Physical Sciences 

Astronomy Division 

University of Oulu 

FIN-90014 University of Oulu, 
Finland 

Director: Jouko Raitala 

Data Manager: Veli-Petri Kostama 

Phone: 358-(0)8-553-1946 

Fax: 358-(0)8-553-1934 

E-mail: petri.kostama@oulu.fi 
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Université de Paris-Sud 
Phototheque Planétaired’ Orsay 
Département des Sciences de la Terre 
Batiment 509 

F-91405 Orsay, France 

Director: Chiara Marmo 

Phone: 33 (0) 1 69 15 61 49 

Data Manager: Laurent Daumas 
Phone: 33 (0) 1 69 15 61 51 

Fax: 33 (0) 1 69 15 48 63 

E-mail: datamanager@geol.u-psud.fr 


Appendix 2.1 Common planetary imaging 
systems 


Although charge-coupled devices (CCDs) are the primary 
detectors for current imaging systems, cameras on pre- 
vious missions used a variety of detectors, including tradi- 
tional film and video systems. Because the data from the 
previous missions still provide a wealth of planetary infor- 
mation, these systems are described below. 


A2.1.1 Film systems 


The highest-resolution planetary images were produced on 
photographic film that was returned to Earth. Thus far in 
planetary exploration, this has been achieved only from 
some of the Soviet Zond spacecraft and the manned 
Apollo missions to the Moon. Of the unmanned NASA 
lunar and planetary missions, only the Lunar Orbiter 
(Fig. 2.20) used film sensors, but the film was not returned 
to Earth; it was developed on board and then the images 
were transferred to Earth as an electronic signal. Although 
there was overlap of the frames, providing stereoscopic 
models, the nature of the electronic transfer and reconstruc- 
tion introduced artifacts in the stereo models that were 
never fully resolved. Nonetheless, the five Lunar Orbiters 
returned the first near-global imaging data set for the Moon. 

Returned film from the Apollo missions enabled analy- 
ses without the complexities of electronic transformation 
and provided reliable stereoscopic models useful for pho- 
togrammetry. Hand-held cameras using 70 mm film (color 
and black and white) were used both from orbit and on the 
ground. Some of these images were used to make panor- 
amic views of the terrain from overlapping frames. 

The Apollo 14 mission carried a sophisticated mapping 
camera, but a malfunction early in the mission resulted in 
there being very little usable data. Apollos 15, 16, and 17 all 
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carried two high-quality camera systems, a panoramic cam- 
era for detailed geologic studies and a metric (mapping) 
camera that enabled topographic data to be derived. The 
“pan” camera, using a lens of focal length 610mm, was 
highly sophisticated and obtained stereoscopic views of the 





surface with resolutions as good as 1m from an orbital 
altitude of 100 km. The camera rotated 1n a direction across 
the path of the orbiting spacecraft, giving a panoramic view. 

The Apollo metric image system consisted of two cam- 
eras, one pointing downward and one pointing away 
from the Moon. Both used 76mm lenses with the 
upward-pointing camera being used to fix precisely the 
geometric position of the spacecraft in relation to the star 
field and with the Moon’s surface being photographed by 
the other camera. Although the spatial resolution of metric 
frames is only about 20m, the precision of location 
enabled the production of high-quality maps. 

The Lunar Orbiter and Apollo hand-held camera 
images, and the Apollo 15—17 panoramic and metric cam- 
era images, are being digitized under the direction of Mark 





Robinson of Arizona State University, and are available 
through NASA websites. 


Appendices 


A2.1.2 Vidicon systems 


The imaging system most widely used in Solar System 
exploration in the 1970s and 1980s involved vidicon 
cameras. These systems employed a small electron gun 
and a photoconductor. The image was optically focused 
onto the photoconductor so that a beam of electrons from 
the gun was transformed into a current that varied with 
the intensity of the light reflected from the scene. This 
current was in either analog (flown on early systems, 
such as the lunar Ranger landers) or digital format and 
was either stored on board the spacecraft or transmitted 
directly to Earth. The signals were transferred into pixels 
and DN levels for computer processing. 


A2.1.3 Facsimile systems 


Facsimile cameras scan across the scene by rotating a slit 
across the scene as a panorama. Facsimile cameras were 
used on the two martian Viking lander spacecraft and on 
the Soviet Venera landers on Venus. The returned data 
were in pixel formats with DN levels. 
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